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PREFACE 
It is our pleasure to introduce the 9th edition of the International Conference 
on Production Engineering and Management (PEM), an event that is the result 
of the joint effort of the University of Trieste and the OWL University of Applied 
Sciences and Arts. The conference has been established as an annual 
meeting under the Double Degree Master Program “Production Engineering 
and Management” by the two partner universities. This year the conference is 
hosted at the university campus in Trieste, Italy. 
The main goal of the conference is to offer students, researchers, and 
professionals in Italy, Germany, and abroad, an opportunity to meet and 
exchange information, discuss experience, specific practices, technical 
solutions for planning, design, and management of manufacturing, service 
systems, and processes. As always, the conference is a platform aimed at 
presenting research projects, introducing young academics to the tradition of 
symposiums and promoting the exchange of ideas between the industry and 
the academy. 
This year’s special focus is on green production and digital manufacturing in 
the context of Industry 4.0, which are currently major topics of discussion 
among experts and professionals. In fact, the features and problems of 
Industry 4.0 have been widely discussed in the last editions of the PEM 
conference, in which sustainability and efficiency emerged as key factors. 
With further study and development of direct digital manufacturing 
technologies in connection with new management practices and product life-
cycle management, the 9th edition of the PEM conference aims to offer new 
and interesting scientific contributions. 
The conference program includes 32 speeches organized in eight sessions. 
Two are specifically dedicated to “Direct Digital Manufacturing in the context 
of Industry 4.0”. The other sessions are covering areas of great interest and 
importance to the participants of the conference, which are related to the main 
focus: “Product Life-Cycle and Supply Chain Management”, “Industrial 
Engineering and Lean Management”, “Wood Processing Technologies and 
Furniture Production”, and “Innovative Management Techniques and 
Methodologies”. The proceedings of the conference include the articles 
submitted and accepted after a careful double-blind refereeing process. 
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DENSIFICATION OF WOOD 
N. Koelli 
Laboratory for Timber Engineering: Products and Production, 
OWL University of Applied Sciences and Arts, Lemgo, Germany 
Abstract 
This literature review analyzes different methods of wood densification and 
their influence on the wood’s properties and discusses the damage caused by 
the densification process, for example, to the anatomical wood structure as 
well as the spring-back-effect (compression recovery). A perspective for the 
innovative utilization of fast-growing wood species for higher-value 
applications is also offered. 
Keywords: 
Densification, Strength enhancement, Low-density timber 
1 INTRODUCTION 
More and more these days, wood is becoming a designed and engineered 
product. The design starts with the tree seedling that originates in many cases 
from genetically modified hybrids. Forest plantations are established in 
regions with adequate climate and soil. Fertilization and sometimes irrigation 
provides the planted trees with nutrients and water. Modification of the so-
created renewable resource is just the logical continuation of this design 
process. In all tropical, and many subtropical regions, there are huge areas 
of forest plantations, mostly cultivated with fast-growing wood species like 
eucalyptus, populus, albizia, paulownia or acacia. This fast-growing 
plantation wood is attractive especially for countries with limited wood supply. 
Today, China has approximately 70 million ha of forest plantations [1]. The 
optimal growth conditions for fast-growing species has led to enormously high 
growth rates and short to medium cycle harvesting periods, but also to low-
density wood. Wood is a porous material with varying properties (e.g. density, 
strength, stiffness), depending on the species and growth conditions. Most 
physical and mechanical properties correlate with the bulk density, which (for 
all species) ranges from 100 kg/m3 to 1200 kg/m3 (that is close to the cell wall 
density of approximately 1500 kg/m3). Therefore, the utilization of low-density 
timber is limited. If structural or load-bearing applications are intended, 
strength enhancement is often necessary for low-density wood. Mechanical 
densification under defined temperature and moisture conditions is a 
potential method for increasing the density and mechanical properties of 
wood. The first scientific attempts to densify wood by compression reach back 
to 1886 [2]. Today densified wood is used in special applications like 
Densification of Wood 
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bulletproof products, e.g. bank doors and counters, non-sparking tools, 
transformers, highly-abrasive industrial floorings, skid conveyors in the 
automotive industry and for other special applications where the 
characteristics of wood (like non-corrosive, non-magnetic, non-conductive, 
good insolating, low in weight, etc.) are preferred to those of metal [3]. 
Combined compression with impregnation [4], hydro-thermo-mechanical 
compression [5], and other methods [6] are described in the literature. A 
major drawback of compressed wood is its tendency to recover from the 
compression in humid or wet conditions [7]. Therefore new methods intended 
to level the compression recovery are being devised [8]. 
2 DENSIFICATION OF WOOD  
Wood is as a viscoelastic material because the two amorphous components 
lignin and hemicellulose are both viscoelastic. Amorphous polymers can show 
a range of properties dependent on the environmental conditions of 
temperature and moisture. Viscoelastic materials can behave as viscous fluids 
to linear elastic solids [9]. Wood is not able to exhibit a true viscous region, it 
would be thermally degraded before, but can have a viscoelastic reaction[10].  
Under compression perpendicular to the grain, wood exhibits the three main 
phases elastic, plastic and densification phase with regard to the stress-strain 
relationship (cf. figure 1): 
               
Figure 1: Stress-strain relationship during the densification of wood, after [10]. 
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plastic phase, the cell walls typically start collapsing and a plastic deformation 
of the cell wall occurs. In this phase, the densification takes place because of 
the cell collapse. Due to the continuing collapsing of the cells, there is only 
little additional stress needed for a large increase in strain. After the majority 
of cells collapsed, a high amount of additional stress is needed for little 
increase in strain. During the densification phase, the solid wood structure is 
compressed. Now the remnant lumen is compressed and the cells are 
densified and permanently deformed [10, 11]. The cell wall collapse can occur 
in three different shapes, as elastic buckling, plastic deformation or brittle 
fracture of the cell wall [10]. The manner of how the cell wall collapses 
influences the mechanical properties of the material like dimensional stability 
and strength of the densified product. The type of cell collapse depends on 
the wood formation, structure, and properties of the sample like earlywood – 
latewood ratio, density, and cell wall thickness, but more important are the 
environmental conditions temperature and moisture during compression. The 
three cell wall components cellulose, hemicellulose, and lignin show different 
viscoelastic behavior. Cellulose is crystalline and its properties are less 
dependent on moisture and temperature than the more amorphous lignin and 
hemicellulose [11, 12]. Figure 2 shows the moisture dependency of the glass 
transition temperature of extracted lignin and hemicellulose. 
 
 
Figure 2: The moisture dependency of TG for lignin and hemicellulose, 
after: [9, 12]. 
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Lignin and hemicellulose show a typical viscoelastic behavior with a different 
appearance from glassy to rubbery state. Salmen (1984) describes that the 
often-measured transition temperature of water-saturated wood can be 
attributed to the glass transition of water-saturated in situ lignin. Depending 
on the wood species, the softening of wet wood occurs between 50 to 90°C 
[11]. This temperature is in the same range as the lignin glass transition 
temperature. Extracted hemicellulose shows a glass transition temperature 
below 20°C [11].  
The glass transition temperature (Tg) ranges from 50°C for water-saturated 
lignin up to 200°C to oven-dry lignin. This shows the importance of controlling 
the two process parameters material moisture and temperature during the 
densification process. When wood is compressed in the glassy state, cell walls 
are brittle and will fracture. This leads to a reduction in strength and to 
dimensional swelling when moisture is applied to the densified material. When 
wood gets densified in the rubbery state it is deformed elastic, hence it tends 
to spring-back (recovery from compression). The optimum softening of the 
wood is somewhere between the glass transition point and thermal 
degradation. Salmen (1984) points out that close to 100°C the softening of the 
wood can be related to the softening of the lignin. Above 130°C mechanisms 
other than the glass transition of the lignin have a greater influence [13]. The 
unmodified polymers in wood will be thermally degraded before they build a 
real viscous flow, but they are able to have a viscoelastic reaction under 
optimal conditions, which might be dependent on the wood species and 
individual composition of the individual sample. Therefore, it is crucial to 
evaluate the process parameters such as pressure, temperature, moisture of 
the material, that are suitable for the corresponding wood to cure [14]. 
Dimensional stability, spring-back-effect recovery, long-time creep behavior 
are influenced by the hydrothermal softening during compression [9].  
3 DENSIFICATION METHODS 
3.1 Mechanical compression 
The first scientific attempts to compress wood were made in the late years of 
the 19th century. “Densified Wood” or “Improved Wood” was made from 
untreated solid wood or veneer with little consideration given to the 
plasticization of the wood during the process or stabilization of the 
compressed material [15]. Therefore, recovery from compression took place 
easily. Perkitny and Jablonski (1984) examined some mechanical properties 
of compressed pine wood. Compression to 50 % of initial thickness led to an 
increase in the bending strength to 150 % compared to uncompressed wood 
of the same dimensions. They argue, that the compression weakened the total 
load-bearing capacity because for the same load more initial wood volume is 
needed and therefore the only advantage of compressed wood would be the 
reduced volume [16]. They do not discuss dimensional stability, swelling or 
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spring-back which is reported in other literature as an unfavorable 
characteristic behavior of compressed wood [4, 17, 18]. 
3.1 Impregnation combined with compression 
Due to the high tendency of compressed wood to swell and recover from 
compression when exposed to moisture, a reduction of the hygroscopicity of 
the cell wall is advisable. This can be achieved through different modifications: 
Blockage of the cell wall by impregnation with resin, exchange of the 
accessible hydroxyl group of the cell wall with hydrophobic acetyl groups or 
esters, cross-linking or thermal degradation of the cell wall constituents [19]. 
Wood which is impregnated and compressed is known under the name 
“Compreg” wood [20]. The moisture resistance of the wood is increased 
greatly by synthetic resin impregnation and the cells are glued together 
internally. Moisture adsorption, swelling, and shrinking can be reduced to one-
fourth compared to untreated conditions [4]. Durability and compressive 
strength are higher in Compreg wood than in normal wood but impact strength 
and toughness might be reduced [21]. Although the dimensional stability and 
other properties are improved through resin impregnation, the environmental 
compatibility and economic efficiency are highly questionable, at least for 
industrial mass-scale production. 
3.3 Thermo-hydro-mechanical compression  
Gao et al. (2018) investigated the effects of preheating time and moisture 
distribution on the formation of compressed layers inside single-layered 
boards. Boards of water-saturated poplar wood (Populus tomentosa 
CARRIÈRE) could be densified in different layers along the board narrow edge. 
The density profile was measured with an X-ray densitometer. The 
densification took place only on the outer surface when no preheating was 
applied. With ongoing preheating time at a temperature of 180°C, the 
densified layers moved from the board surface to the center of the boards [22], 
similar to the particleboard production process. It was shown that the 
densification in solid boards also does not appear uniformly but rather in the 
zones where the wood was softened most prior to or during compression.  
In some applications, only the surface needs to be densified, when the aim is 
to make products resistant to abrasion or occasional impact loads like in 
flooring or when static loads are applied for a long term, as with bookshelves 
or tables. Xu and Tang (2012) measured the vertical compression rate profile 
and dimensional stability of surface-densified plantation poplar wood to 
develop a quick process with low energy consumption and low wood volume 
loss. Plasticization of the wood surface was realized by spraying 10 g of 
distilled water on the surface and a pressing temperature of 125°C, pressing 
time between 2 to 5 minutes and a pressure of 1 MPa. Densification of control 
samples, which were not sprayed with water, took place in a greater distance 
to the surface whereas the water sprayed samples showed a U-shaped 
density profile with highest compression rates only at the surface. Spring-back 
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occurred less in the samples with water sprayed on the surface and correlated 
negatively with pressing time [23]. 
Chen et al. (2018) investigated the influence of steam on the spring-back in 
densified wood. Japanese cedar wood was soaked in water for one week and 
then compressed at 160°C for a duration between 15 to 480 minutes. They 
studied the mechanisms under steam treatment that lead to a shape fixation 
after compression. During the compression of wood, stress is stored in elastic 
structures of the cell wall. Only a rearrangement of these structures may have 
an impact on the long-term shape fixation. They found, that the compressed 
shape of wood could be fixed by a steam treatment lasting 2 hours at 160°C. 
The responsible mechanism that would lead to a shape fixation is explained 
as a rearrangement of the folded and broken (micro-fractures) wood cell wall. 
Tension is decreased and the crystalline cellulose is rearranged by steaming 
and the microfibrils are reformed and fixed in the compressed shape [24].  
3.4 Thermo-mechanical compression with thermal modification 
Wehsener et al. (2018) examined the physical, mechanical and biological 
properties of thermo-mechanical compressed poplar, beech, spruce, oak and 
ash wood with the objective to increase the durability against biological 
degradation from fungi. After the thermo-mechanical compression with a 
densification rate of 43 to 50 %, the wood was thermally modified in a separate 
process using the so-called Vacu³-process at 230 °C and 20 or 80 % vacuum. 
As known from thermowood, the color became dark brown. Durability was 
significantly improved, and the wood became dimensionally stable while the 
mechanical properties were reduced. This is also reported from other research 
on densified and thermally modified wood [25, 26]. Wehsener et al. (2018) 
report that the densification could compensate the reduction of mechanical 
properties through a thermal modification to a certain degree. The various 
wood species reacted differently to the densification and thermal treatment: 
all expressed a reduction of mechanical properties except poplar, which 
showed higher values for MOE and MOR. The reported increase of MOE and 
MOR for thermally treated poplar is in contrast to the usually reported 
decrease of MOE and MOR from thermowood [3]. An explanation for which 
mechanisms would occur to strengthen the material by thermal treatment is 
not given. What is noticeable from the results is the different reaction and 
degree of strength loss through heat treatment depending on the tree species. 
The wood-species specific reaction to the compression and heat treatment 
shows that process parameters must be adopted to the wood species [14].    
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3.5 Thermo-hydro-mechanical compression with chemical modification 
Treatment with water temperature influences densification and has some 
positive effect on the dimensional stability of compressed wood. Additional 
chemical treatment leads to an additional benefit of the properties of 
compressed wood. One chemically modified compressed product is 
Lignamon [27]. The plasticization of beech wood is realized using ammonia 
and saturated steam. Paril et al. (2014) compared some physical and 
mechanical properties of with thermo-hydro-mechanical (THM) beech wood 
and undensified beech wood. MOR and MOE were slightly higher for 
Lignamon than in THM beech. Equilibrium Moisture Content (EMC) of 
Lignamon was around 20 % after conditioning at 90° RH, compared to 30 % 
RH for THM and undensified beech wood. As an effect of the reduced 
moisture absorption, volume swelling was 50 % lower than in THM beech. 
This shows that the plasticization of steamed beech wood can be increased 
with ammonia treatment.  
Song et al. (2018) boiled oak and basswood in a two-step process first in an 
aqueous mixture of NaOH and NA2SO3 and then densified it in a hot press. 
The pretreatment removed a quantity of the hemicellulose (73 % reduction) 
and lignin (45 % reduction), while the majority of cellulose remains unsolved 
(12 % reduction). The samples were compressed to about 20 % of their 
original thickness with a threefold increase in density from 0.4 g/cm3 to 
1.3 g/cm3 accompanied with a high mass loss. They examined an increase in 
the ultimate tensile strength for basswood from 52 to 587 MPa for densified 
and treated basswood (densified without treatment: 175 MPa) and for oak 
from 122 to 608 MPa. A comparison was made between undensified, 
densified wood without pretreatment and densified wood with pretreatment 
(partly removal of lignin and hemicellulose). Without pretreatment, the wood 
was unable to be compressed without remaining voids. The tensile strength 
of pretreated wood was higher than in the untreated compressed wood. 
Different percentages of lignin were removed to evaluate the influence of 
remaining lignin. The highest density and stiffness were reached with a 
removal of 45 % of the lignin. When more lignin is removed, the wood is easily 
crushed during hot-pressing what leads to a reduction in strength. The partial 
removal of lignin also has a positive influence on the dimensional stability of 
the samples. Compared to solely compressed wood, the samples with lignin 
removal showed only 8 % thickness swelling compared to 43 % thickness 
swelling after exposure to 95 % Relative Humidity (RH) for 5 days. Depending 
on which product the densified wood is used to produce, different properties 
might be important. The chemical modified compressed wood according to 
Song et al. (2018) achieves the highest compression ratio as well as the 
highest ultimate tensile strength. 
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4 CONCLUSION AND FUTURE OUTLOOK 
Many researchers around the globe state that new strategies and 
technologies are needed to transform the high amount of low-density wood 
into valuable products [23, 28, 29]. The trend to build houses and monumental 
constructions (like bridges, towers, rollercoaster, etc.) from wood because of 
its ecological and renewable origin is a reason to conduct research on the 
strength enhancement of natural wood. The high material consumption during 
construction on one hand and the rising availability of low- to medium-density 
wood from forest plantations on the other could balance each other out if 
plantation wood were to be transformed into a strong building material with 
load-bearing capacity. Densification under conditions that plasticize the wood 
could be a feasible way to transform low-density wood into high-quality 
products. 
In the past, several compression processes were established to enhance the 
natural properties of wood. The outcome in terms of dimensional stability, 
density increment, and strength enhancement can be controlled by the 
process parameters temperature, moisture, pressure, time and chemical 
pretreatment. Optimal process conditions lead to a satisfactory plasticization 
of the wood, which is the key factor for enduring wood densification. The two-
step densification method by Song et. al (2018) includes boiling the wood in 
aqueous conditions with NaOH and Na2SO3. It is a promising new method for 
increasing the strength and stiffness of wood, but further research is needed 
regarding the wood’s long-term performance and on product design for use 
as a construction material, including studies on cost factors, ecological 
fingerprint, and resource consumption. 
 
 
  
Wood Processing Technologies and Furniture Production 
11 
REFERENCES 
[1] Zhang, X., X. Zhang, H. Han, Z. Shi, and X. Yang (2019) Biomass 
Accumulation and Carbon Sequestration in an Age-Sequence of 
Mongolian Pine Plantations in Horqin Sandy Land, China, Forests, 
10(197): p. 2-18. 
[2] Kollmann, F.P. (1955) Technologie des Holzes und der Holzwerkstoffe. 
Vol. 2. 
[3] Paulitsch, M. and M.C. Barbu (2015) Holzwerkstoffe der Moderne. DRW-
Verlag. 
[4] Stamm, A.J., (1941) Resin-Treated, Laminated, Compressed Wood, 
United States Department of Agriculture p. 10. 
[5] Schwarze, F.W.M. and M. Spycher (2005) Resistance of thermo-hygro-
mechanically densified wood to colonization and degradation by brown-
rot fungi, Holzforschung, 59: p. 358-363. 
[6] Song, J., C. Chen, S. Zhu, M. Zhu, J. Dai, U. Ray, Y. Li, Y. Kuang, Y. Li, 
N. Quispe, Y. Yao, A. Gong, U.H. Leiste, H.A. Bruck, J.Y. Zhu, A. Vellore, 
H. Li, M.L. Minus, Z. Jia, A. Martini, T. Li, and L. Hu (2018) Processing 
bulk natural wood into a high-performance structural material, Nature, 
554: p. 224-228. 
[7] Rautkari, L., (2012) Surface modification of solid wood using different 
techniques, Aalto University. 
[8] Fukuta, S., F. Asada, and Y. Sasaki (2008) The simultaneous treatment 
of compression drying and deformation fixation in the compression 
processing of wood, Forest Products Journal, 58(7/8): p. 82-88. 
[9] Wolcott, M.P., F.A. Kamke, and D.A. Dillard (1990) Fundamentals of 
Flakeboard Manufacture: Viscoelastic Behaviour of the Wood 
Component, Wood and Fiber Science, 22(4): p. 345-361. 
[10] Wolcott, M.P., (1989) Modelling Viscoelastic Cellular Materials for the 
Pressing of Wood Composites, Virginia Polytechnic Institute and State 
University. 
[11] Olsson, A.-M. and L. Salmén (1997) The effect of lignin composition in 
the viscoelastic properties, Nordic Pulp and Paper Research Journal, 
12(311997): p. 140-145. 
[12] Kelley, S.S., T.G. Rials, and W.G. Glasser (1987) Relaxation behavior of 
the amorphous components of wood, Journal of Material Science, (22): 
p. 617-624. 
[13] Salmén, L. (1984) Viscoelastic properties of in situ lignin under water-
saturated conditions, Journal of Material Science (19): p. 3090-3096. 
[14] Wehsener, J., C. Brischke, L. Meyer-Veltrup, J. Hartig, and P. Haller 
(2017) Physical, mechanical and biological properties of thermo-
mechanically densified and thermally modified timber using the Vacu³-
process, European Journal of Wood and Wood Products, (76): p. 809-
821. 
[15] Seborg, R.M., M.A. Millett, and A.J. Stamm, (1956) Heat-Stabilized 
Compressed Wood (Staypak), U.S.D.o. Agriculture, Editor: Wisconsin. 
Densification of Wood 
12 
[16] Perkitny, T. and W. Jablonski (1884) Zur Beurteilung der mechanischen 
Eigenschaften von Preßvollholz, Holz als Roh- und Werkstoff, 42: p. 81-
84. 
[17] Erickson, E.C.O., (1965) Mechanical Properties of Laminated Modified 
Wood, United States Department of Agriculture Forest Service: Madison 
Wisconsin. 
[18] Hittmeier, M.E., C. G.L., and R.A. Hann, (1967) Press Drying Nine 
Species of Wood, U.S. Forest Products Laboratory: Madison Wisconsin. 
[19] Sailer, M., A.O. Rapp, H. Leithoff, and R.-D. Peek (2000) Vergütung von 
Holz durch eine Anwendung einer Öl-Hitzebehandlung, Holz als Roh- 
und Werkstoff, 58: p. 15-22. 
[20] Rowell, R.M. and P. Konkol, (1987) Treatments that Enhance Physical 
Properties of Wood, Forest Products Laboratory, Madison 
[21] Kollmann, F.F.P. and W.A. Côté Jr. (1968) Principles of Wood Sciences 
and Technology. Vol. 1. 592. 
[22] Gao, Z., R. Huang, J. Chang, R. Li, Y. Wu, and Y. Wang (2018) Sandwich 
compression of wood: effects of preheating time and moisture distribution 
on the formation of compressed layer(s), European Journal of Wood and 
Wood Products, (77): p. 219-227. 
[23] Xu, X. and Z. Tang (2012) Surface densified poplar wood, Lignocellulose, 
1: p. 45-54. 
[24] Chen, C., E. Obataya, and M. Matsuo-Ueda (2018) Shape fixation of 
compressed wood by steaming: a mechanism of shape fixation by 
rearrangement of crystalline cellulose, Wood Science and Technology, 
52: p. 1229-1241. 
[25] Laine, K., K. Segerholm, M. Walinder, L. Rautkauri, and M. Hughes 
(2016) Wood densification and thermal modification: hardness, set-
recovery and micromorphology, Wood Science and Technology, 50: p. 
883-894. 
[26] Dogu, D., F.D. Tuncer, D. Bakir, and Z. Candan (2017) Characterizing 
Microscopic Changes of Paulownia Wood under Thermal Compression, 
Bioresources, 12(3): p. 5279-5295. 
[27] Paril, P., M. Brabec, O. Manak, R. Rousek, P. Rademacher, P. Cermak, 
and A. Dejmal (2014) Comparison of selected physical and mechanical 
properties of densified beech wood plasticized by ammonia and 
saturated steam, European Journal of Wood and Wood Products, 72: p. 
583-591. 
[28] Ashaari, Z. (2016) Low Density Wood From Poor to Excellent. 
[29] Derikvand, M., G. Nolan, H. Jiao, and N. Kotlarewski (2017) What to Do 
with Structurally Low-Grade Wood from Australia´s Plantation 
Eucalyptus; Building Application, Bioresources, 12(1): p. 4-7. 
 
Wood Processing Technologies and Furniture Production 
13 
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Abstract 
Modern production systems in wood processing sector such as chair 
production systems are the basis for implementing an approach based on 
observing the similarity of product components in order to reduce the 
complexity in the development process of new products. A group technology 
based on the similarity of product components in accordance with defined 
classification system increases the efficiency of process by minimizing product 
development activities and shortening the time interval from defining the 
concept of the product to placing it on the market. The contemporary approach 
also requires the application of complex and suitable software packages for 
the classification of components, which is a limiting factor for the 
implementation of the principles of group technologies and small and medium 
enterprises. The limiting factor is directly related to the financial aspect, 
therefore in this paper the possibility of using available software packages (MS 
Excell) to introduce the principle of group technologies into production 
systems is analyzed. 
Keywords: 
Group technologies, Classification system, Wood processing sector, 
Classification of relevant dimensions, Classification of technological process. 
1 INTRODUCTION 
Modern production systems in accordance with market conditions are 
conditioned by continuous new products development through processes 
organization, material flows, technological processes definition, tool selection, 
etc. The increased degree of market competitiveness results in a need to 
increase the level of products functionality with a high degree of complexity 
[3]. Complex products are characterized by the interconnectedness of various 
components, where diversity is observed through geometry, dimensions, 
machining operations, quality of treated surfaces, and the like. Compared to 
other product assortments, complexity products like chairs can be represented 
through presence of several different geometric demanding surfaces whose 
processing requires planning of the entire machining process, choice of tools, 
path movement, processing regime [1]. Processing of complex surfaces 
requires analysis of potential components that can be realized and the 
possibility achieving the desired product stability. When considering the 
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complexity of products such as solid wood chairs, it is necessary to take into 
account the use of natural materials that are structurally non-homogeneous in 
their structure. Considering the above, it is evident that development of a new 
product such as chair is time-consuming, it requires complex geometries 
analysis, prepared parts be used, approximate processing times, processing 
operations, and the like [2]. In order to shorten specified time in this paper, the 
possibility of implementing the principles of group technologies for unifying the 
manufacturing process, and shortening development time of new product 
using a database of previously used processing operations, is considered. 
Implementing the principles of group technologies requires use of suitable 
software packages, which is a limiting factor in medium-sized production 
systems. In order to consider advantages offered by group technologies, the 
classification systems created in Microsoft Excell are presented as a tool for 
improvement of new products development. 
2 THE BASICS OF THE GT CONCEPT 
The complexity of modern production systems can be minimized by 
considering similarity of products. Considering the possibility of processing 
similar products, usage of same operations for different objects processing, 
usage of similar part geometries, possibility for implementing similar 
movement paths for objects processing are the basis of new approaches in 
product development, such as the principle of group technologies (GT 
concept). The basis of group technologies is to define relevant product 
characteristics and compare them with the entire product range in order to 
create a group or family of products. It is necessary to state that the principle 
of forming a product group is based on defining the characteristics specific to 
the group and assigning classification marks to individual products. Similarity 
as the basis of product group formation may be covered by the design, 
specificity of openings made, material used, function of the product, but also 
by processing operations [4]. 
It is evident that, in addition to the physical aspect of the product, principles of 
group technologies also include the technological aspect in terms of the 
production system that precedes the emergence of the product. Application of 
group principles is directly related to production cells of interconnected 
processing systems and ancillary subsystems. Modern processing systems, 
in addition to computer-controlled systems, include coordinate measuring 
systems, automated tool change systems, transportation systems, and 
systems required to achieve continuity in process and an appropriate degree 
of flexibility. Application of the presented systems can be viewed from different 
standpoints of similarity. Use of coordinate measuring machines, although not 
highly applied in the manufacture of product segments such as solid wood 
chairs, still offers a great opportunity to improve the development of new 
products. 
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Figure 1: Application of coordinate measuring machine on chair segment. 
The use of coordinate measuring systems in the wood processing sector is 
directly related to complex geometries definition of loops, seats, backrests and 
other chair segments. Implementation of coordinate systems has enabled 
defining the contours of complex geometries in reversible engineering and 
analyzing similarities of the geometries of different products. In addition to 
measuring complex geometries, the use of coordinate machines is evident in 
the manufacture of clamping tools, most commonly pneumatic clamping tools 
for CNC machining systems. In addition to coordinate machines in the 
segment of chair development, application of 3D scanners for reading 
complex geometries as 3D models and their application for machining 
systems purpose, for producing clamping tools, geometries of supporting 
structural segments and the like are visible. 
 
 
  
Figure 2: Scanned chair segments. 
In addition, the principles of group technologies create the basis for production 
process improvement in terms of reducing the duration for individual 
operations, such as positioning of processing objects, changing tools, 
adjusting the CNC processing system. The reduction of the stated times is 
based on the assumption that similar surfaces or geometries of the workpiece 
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can be achieved by similar machining operations using the same tools. 
Although flexible machining systems allow adaptation to different workpieces, 
the principle of similarity allows reducing the need for continuous tool 
changes, positioning of workpieces, use of other clamping tools. From the 
above, it is evident that the main goal of group technologies is to reduce the 
complexity of production systems and technological processes in the 
production of large quantities of different products and the continued need for 
new product development. 
Application of group principles defines the need to establish an appropriate 
classification system for characterizing individual products and creating a 
product family. The classification system does not represent a clearly defined 
system for all types of production processes but is a specially defined system 
adapted to the assortment of certain types of products. Application of the 
classification system defines the possibility of using the same machining 
operations, clamping tools and machining tools on similar products, as well as 
the possibility of interconnecting options in different production cells. In 
addition to a number of advantages of the classification system, an important 
advantage in the development of new products is the ability to use 
technological documentation of the relevant product group as a source of 
information for new product development.  
Implementation of a classification system requires the definition of 
subsystems in the form of relevant characteristics coding and assignment of 
a numerical code to each relevant product characteristic. Typical classification 
systems are based on listing of 40 feature labels and 9 different variants for 
each feature. Establishing such a classification system makes it possible to 
code the entire product range. As stated above, each classification system is 
defined according to the specific characteristics of the product range and the 
industrial area. 
3 IMPLEMENTATION OF THE GT CONCEPT IN THE WOOD PROCESSING 
SECTOR 
Taking into account complexity of furniture manufacturing sector in terms of 
different combinations of materials, use of different geometries, use of natural 
materials, this paper analyzes the solid wood chair production sector based 
on the use of complex geometries. Although the solid wood chair production 
system is not specific to the entire furniture manufacturing sector, need for 
individual tools, use of dies, and use of complex clamping systems to achieve 
complex geometries are reasons to consider applying the group technology 
principle to the sector. Although a chair is not very complex as a product, yet 
different variants of product segments such as leg, armrests, backrests, and 
chair seats can form the basis for considering variance as the basis for forming 
a product group. 
 
Wood Processing Technologies and Furniture Production 
17 
Variability of the above segments allows defining the basic dimensions, 
materials, shapes, openings that will be used to classify them in order to 
simplify the process of making parts. With this approach, it is possible to create 
a new product segment from an existing one with minimal changes in shape 
or dimensions. It is also possible to process different variants of product 
segments at one machining center in one clamp, which significantly affects 
the efficiency of the production process. 
 
This paper will introduce the basic classification systems used in the 
manufacture of chairs, which are divided into: 
 A classification system of relevant dimensions and 
 A classification system of technological processing procedure. 
 
Defining two forms of classification systems is directly related to the ability to 
define all the material bases of products used for the calculation of costs and 
processing operations that need to be implemented in order to balance 
material flows, and to group processing operations. In defining the relevant 
dimensions, the basic components that make up a solid wood chair are 
considered. 
 
 
 
 
Figure 3: Classification system for the product – chair. 
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It is necessary to state that the presented classification system represents a 
classification system with a maximum degree of complexity in order to present 
the possibility for the application of a classification system to different wood 
processing products. In accordance with the specifics of the product range, 
the classification system can be significantly simplified. Simplification of the 
classification system for the mentioned product will be presented below. 
 
 
 
 
Figure 4: Simplified product classification system – chair. 
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In accordance with the relevant characteristics, the code mark of each product 
in addition to the 40 codes, includes a classification system of 9 parameters 
for each mark. When defining several categories, it is necessary to include the 
geometry or the objects for the production of certain product segments. 
Defining the shape of the processing object is in direct connection with the 
standardized forms covered by a special classification system. It is evident 
from the above that definition of the classification system includes visual 
analysis of the product as a whole and its components.  
In addition to the mentioned standardization of the processing, the subject 
includes a standardized form and dimensions which enable the use of the 
same processing objects for producing segments of different shapes and 
geometries. The application of standardized shapes also allows linking 
processing operations for a particular classification group and defined material 
flows.  
Table 1: Classification system components of product-chair. 
 
Dimensions Front  leg 
 
Mark 1 Mark 2 Mark 3 Mark 4 Mark 5 Mark 6 Mark 7 Mark 8  
Hight Lenght Widht Material No. Lenght Shape Mat. 
0 <600 <300 <400 Oak 0 <200 0 Oak 
1 601-700 301-400 401-500 Oak 1 201-300 1 Oak 
2 701-800 401-500 501-600 Oak 2 301-400 2 Oak 
3 801-900 501-600 601-700 Beech 3 401-500 3 Beech 
4 901-1000 601-700 701-800 Beech 4 501-600 4 Beech 
5 1001-1100 701-800 801-900 Beech 
 
601-700 5 Beech 
6 1101-1200 801-900 901-1000 Walnut 
 
701-800 6 Walnut 
7 1201-1300 901-1000 1001-1100 Walnut 
 
801-900 7 Walnut 
8 1301-1400 1001-1100 1101-1200 Walnut 
 
901-1000 8 Walnut 
9 >1401 >1101 >1201 Other 
 
>1001 Non stand. Other 
Rear leg Front connection 
Mark 9 Mark 10 Mark 11 Mark 12 Mark 13 Mark 14 Mark 15 Mark 16 
No. Lenght Shape Mat. No. Dim. Shape Material 
0 <500 0 Oak I-KL 0 <100 0 Oak 
1 501-600 1 Oak II-KL 1 101-200 1 Oak 
2 601-700 2 Oak III-KL 2 201-300 2 Oak 
3 701-800 3 Beech I-KL 3 301-400 3 Beech 
4 801-900 4 Beech II-KL 4 401-500 4 Beech  
901-1000 5 Beech III-KL 
 
501-600 5 Beech  
1001-1100 6 Walnut I-KL 
 
601-700 6 Walnut  
1101-1200 7 Walnut II-KL 
 
701-800 7 Walnut  
1201-1300 8 Walnut III-KL 
 
801-900 8 Walnut  
>1301 Non 
stand. 
Other 
 
901 more Non stand. Other 
Rear connection Side connection 
Mark 17 Mark 18 Mark 19 Mark 20 Mark 21 Mark 22 Mark 23 Mark 24 
No. Dim. Shape Mat. No. Dim. Shape Mat. 
0 <100 0 Oak 0 <100 0 Oak 
1 101-200 1 Oak 1 101-200 1 Oak 
2 201-300 2 Oak 2 201-300 2 Oak 
3 301-400 3 Beech 3 301-400 3 Beech 
4 401-500 4 Beech 4 401-500 4 Beech  
501-600 5 Beech 5 501-600 5 Beech  
601-700 6 Walnut 6 601-700 6 Walnut  
701-800 7 Walnut 
 
701-800 7 Walnut  
801-900 8 Walnut 
 
801-900 8 Walnut  
901 more Nonstand. Other 
 
901 more Non stand. Other 
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Table 2: Classification system components of product-chair. 
Seat Back 
Mark 25 Mark 26 Mark 27 Mark 28 Mark 29 Mark 30 Mark 31 Mark 32 
Lenght Widht  Thickness 
 
Type Upholstered Shape Lenght Widht  
100 100 Nije ref. Oak Yes 0 100 100 
200 200 1-5 Oak  No 1 200 200 
300 300 6-10 Oak    2 300 300 
400 400 11-15 Beech    3 400 400 
500 500 16-20 Beech    4 500 500 
600 600 21-30 Beech    5 600 600 
700 700 31-40 Walnut    6 700 700 
800 800 41-50 Walnut    7 800 800 
900 900 51-60 Walnut    8 900 900 
1000 1000 >60 Other   Non 
stand. 
1000 1000 
        Armrest 
  
Mark 33 Mark 34 Mark 35 Mark 36 Mark 37 Mark 38 Mark 39 Mark 40 
Thickness Type Upholstered Shape Dimensions Material Lacquered Foots 
Non ref. Oak Yes 0 None Oak No PVC  
1-5 Oak  No 1 <200 Oak  Natur Filc 
6-10 Oak    2 201-300 Oak  Wenge Textile 
11-15 Beech    3 301-400 Beech  Dark wenge No 
16-20 Beech    4 401-500 Beech White   
21-30 Beech    5 501-600 Beech  RAL   
31-40 Walnut   6 601-700 Walnut     
41-50 Walnut   7 701-800 Walnut     
51-60 Walnut   8 801-900 Walnut      
>60 Other   Non stand. 901 more Other     
 
 
 
In the above classification system, the geometry of prepared parts for 
processing operations is seen as a category for the classification of product 
parts. The definition of prepared part geometry is in direct connection with 
standardized forms in order to create more families of products with few 
standardized forms. It is necessary to state that standardized forms include all 
types of forms that will be processed in the production process. By defining 
standardized shapes, it is also possible to determine the clamping tools to be 
used, processing centers, positioning methods, and the like. Based on the 
previously presented classification system it is possible to determine the 
classification system of technological processing process.  
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Figure 5: Classification system based on the shape of the processing object. 
The classification system of the technological process includes a definition of 
processing centers and processing operations in accordance with defined 
product elements and selected form of the processing object. When 
establishing the above classification system, it is necessary to define available 
processing systems and existing material flows. In accordance with the 
defined processing systems, a technology chart for the entire product is 
determined, which is the basis for considering the possibility of grouping 
technological operations on the processing systems. By applying the 
information in previous classification systems based on the forms, the 
selected processing operations it is possible to differentiate the time required 
for the implementation of individual operations and the overall processing time 
of a single product. With the specified processing time, it is possible to make 
a comparison in accordance with the projected tact time as the basis for 
grouping processing operations in order to shorten the time required to 
process one or several parts. Reducing duration of the operation can be 
observed by reducing the need for processing object positioning, position 
changing, clamping time of the processing object, and time of moving the 
object from one processing center to another. An additional balancing of the 
processing time with the projected tact time is enabled by the application of 
flexible processing systems that allow for a greater degree of adaptation to 
various forms and operations that need to be carried out, which allows 
grouping of objects from two or more classification groups. By applying the 
principles of group technologies, it is possible to observe products as a system 
of parts, processing operations, processing centers and processing times that 
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can be integrated into the existing processing system which is necessary 
when developing a new product or improving the existing one. 
 
 
 
Figure 6: Classification system of the technological processing process. 
According to their name, modern production systems are characterized by the 
use of modern software systems in order to improve their implementation. 
Implementation of classification systems is directly related to the use of 
software solutions and databases for the purpose of accurate classification 
and coding of products. Coding of product features allows them to be suitable 
for creating a database of specific characteristics and a specific product range. 
Microsoft Excel software package was used to analyze the suitability of solid 
wood chair segments and to analyze the classification system. Although other 
software packages are more suitable for this purpose, this paper presents the 
possibility of defining a classification system in a spreadsheet view and linking 
the same logical functions to individual segments of the chair, creating a basis 
for implementing more sophisticated software solutions. In addition to creating 
the basis for more appropriate software, the presented classification system 
enables the improvement of production systems in the initial stages of 
development without significant financial costs. By linking tabular views and 
establishing logical connections to them, it is also possible to create work 
orders, reports for the planning process and the like. 
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Figure 7: Microsoft Excel work plan. 
4 CONCLUSION 
The complexity of production systems such as the wood processing sector 
from the standpoint of products components presence with a pronounced 
difference in terms of processing geometry, the quality of the treated area, 
flows of materials, required processing centers and the projected processing 
time is the basis for implementing the principles of group technology. The 
principles of group technologies based on the similarity of products and their 
components make it possible to simplify the process of developing a new 
product by reducing the number of activities needed to create a new product. 
Reducing the number of activities reduces the preparation time required for 
the creation of a new product in the field of design, projecting, and 
technological preparation of products. The application of group technology 
principles is based on a qualification system in accordance with product 
characteristics. The complexity of classification system is in direct relation to 
defined number of relevant characteristics, which creates the possibility for 
simplification of the classification system. The low degree of classification 
system complexity enables simple implementation in the existing organization 
of the production system. The application of group technologies enables 
increasing the efficiency of new product development process by linking the 
relevant characteristics of the product components to the technological 
process. The above linking created the basis for linking the processing 
operations of the product components to a single processing center, one 
clamping, by minimizing the number of processing operations that need to be 
processed and increasing the efficiency of the production system. By applying 
the principle of group technology, complex products are not viewed as a set 
of components but as a set of potentially similar components.  Using the 
Microsoft Excel package, it is possible to use a software solution to classify 
the characteristics of solid wood chairs and implement the group technology 
principles for the product. This paper presents basic principles that enable the 
application of group technology principles in the furniture manufacturing 
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sector, and creation of a basis for use of appropriate sophisticated software 
solutions and databases. 
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RISK ANALYSIS ON FURNITURE: A HOLISTIC APPROACH 
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Abstract 
Furniture is an extremely widely used consumer product on which the 
attention of technical standards has always been very high since the early 
sixties. Nowadays, due to a series of technical and social reasons, its growing 
rate of technological complexity requires a robust approach based on so-
called risk management. This approach has been intensively used for other 
products (mainly covered by vertical directives/regulations) but for furniture, 
the situation is just at its early beginning. Furniture, on the other hand, is 
covered with an almost complete set of European (EN) standards covering a 
significant part of the possible risks derived from the normal use of such 
products. This paper analyzes the current situation in this sector and lists all 
the possible risks that the present experience and knowledge allows to 
consider. A quantitative approach to risk evaluation and reduction using 
standards and other requirements is also introduced. Two examples of real 
cases of furniture product are finally presented in order to show how the 
systems may work. 
Keywords: 
Furniture, Risk-analysis, Hazard, Standards.   
1 INTRODUCTION 
The concepts of risk management are becoming particularly important with 
regard to furniture due to the increasing complexity of the products and actors 
involved (stakeholders) including consumers, public facilities, large users, etc. 
both in European and extra European territory. 
Furniture is transforming quickly, increasing its functions, versatility and 
definitely its usability. 
This for various reasons (the analytical and/or sociological identification of 
these reasons is not relevant for the following work, but it can be useful to 
realize the experienced change) such as: 
 request from users (consumers or professional users), explicit or implicit; 
 demand for furnishing for all needs regardless of the physical and motor 
skills of users (see UNI 11675) [1] 
 increased functionality as a distinctive sign in a tight, difficult and 
controversial market; 
 multimedia input both as software and hardware; 
 integration with the buildings which is now clearly evident and urgent. 
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Risk analysis should be used by designers and manufacturers as part of the 
compliance assessment ensuring that only safe products are put on the 
market (Article 3 and Article 5 of the GPSD and Article 104 of Codice del 
Consumo) [2] [3]. 
In June 2017 European Commission has published Edition 2.1 of the Guide 
to application of Machinery which has changed radically the approach towards 
furniture with electrically moving components. [4] 
In clause 64 of the guide the following sentence is reported: 
“Electrically operated furniture, such as beds, chairs, tables, storage furniture 
including kitchen furniture, remain subject to the Machinery Directive as they 
are not household appliances of the types indicated above. However, where 
provided for medical purposes such that they are within scope of the Directive 
93/42/EEC (as amended) concerning medical devices, that Directive applies 
instead of the Machinery Directive” 
This produces without no doubt the following consequences: 
 electrically operated furniture shall be CE marked; 
 the main tool for the manufacturer to give a demonstration of the safety 
is risk analysis. 
On top of that it should not be forgotten that, besides pure mechanical risks, 
also chemical and biological risks have to be taken into account or at least 
considered for two main reasons: 
 legislative approach of the various countries in Europe; 
 epidemiological data clearly demonstrates a growing sensitization of 
young people towards chemicals and a broad spectrum of bacteria 
2 TERMINOLOGY 
It is commonly accepted that the concept of risk is based on two components:  
a) the probability of the harm to happen; 
b) the consequences of that harm, meaning how serious it can be 
In order to derive the same semantic meaning of the terms used in this paper, 
it is important to consider a well-known and widely accepted reference source 
for those terms. 
The following definitions are those reported in the following International 
Standard ISO / IEC GUIDE 51: 2014 "Safety aspects - Guidelines for their 
inclusion in standards" [5]: 
 RISK - combination of the probability of occurrence of harm and the 
severity of that harm 
 HAZARD - potential source of harm 
 HAZARDOUS SITUATION - circumstance in which people, property, or 
the environment are 
 exposed to one or more hazard(s) 
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 HARM - physical injury or damage to the health of people, or damage to 
property or the 
 environment 
 SEVERITY - measure of the possible consequences of a hazard 
 RISK ANALYSIS - systematic use of available information to identify 
hazards and to estimate the risk 
 RISK ESTIMATION - process used to assign values to the probability of 
occurrence of harm and the severity of that harm 
 RISK EVALUATION - process of comparing the estimated risk against 
given risk criteria to 
 determine the acceptability of the risk 
 RISK ASSESSMENT - overall process comprising a risk analysis and a 
risk evaluation 
 RISK CONTROL - process in which decisions are made and measures 
implemented by which 
 risks are reduced to, or maintained within, specified levels 
 RESIDUAL RISK - risk remaining after risk control measures have been 
taken 
In an inclusive approach to consumer goods and services, it is crucial also to 
take particularly care to what are called vulnerable consumers: 
Vulnerable consumer - Consumer at greater risk of harm from products or 
systems due to age, literacy level, physical or mental condition or limitations 
or inability to access product safety information 
3 STRUCTURE OF THE ANALYSIS 
For products where this activity is more common and frequent (e.g. medical 
devices and machines) [6] [7] the risk management process generally includes 
the following elements:  
 risk analysis; 
 risk assessment; 
 risk control; 
 information on production and post-production. 
It is not the intention to use this approach “tout court”, but the experience of 
different industrial sectors can and should become a source of ideas for the 
construction, if possible, of a new furniture model. 
Information and/or data necessary for risk estimation can be obtained from: 
a) published standards (EN, ISO, and National Standards in priority order) 
[8] [9] [10]; 
b) scientific technical data; 
c) data obtained in the field from similar products, including reported 
incidents (e.g. Rapex) [11]; 
d) usability test using typical users; 
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e) the results of appropriate investigations; 
f) expert opinion; 
g) external quality assessment schemes. 
The risk control tools are listed in order of priority: 
a) intrinsic safety by design; 
b) protective measures in the product itself; 
c) safety information. 
In the case of furniture, many European standards concern intrinsic safety (in 
most cases, mechanical). In almost all of these standards, there is a specific 
clause referring to the information for safe use.  
Standards can be then used as part of the analysis of risk starting from the 
design. Furniture should be designed to be intrinsically safe. 
If this is not always possible, measures such as protections (e.g. office chair 
mechanisms) are in any case appropriate. Information (written or better 
represented with pictograms) on safety is the ultimate tool to adopt.  
But the risk deriving from the growing diversity and complexity of furniture 
cannot be dealt with solely through product safety standards.  Recently the 
Committee CEN/TC207 “Furniture” has started to develop safety standards 
based on the “risk approach”. This new approach derives from the relevant 
mandate received from the Commission regarding standards according to the 
GPSD (General Product Safety Directive, 2001/95 CE). [12]  
Risk management does not stop when a piece of furniture is finally produced, 
and it should start with an idea whose materialization does not yet exist. 
Risk estimates can be refined and made more accurate as we move on to 
examine a “working” prototype. 
As seen before, the information to be used in risk management can come from 
any source, simulations, production data, etc. In any case, none of these 
sources is as rich in information as experience in the field. Implementing a 
post-sales monitoring system is therefore very important. For each Hazardous 
Situation, it is necessary to estimate the Severity and the Probability in order 
to estimate Risk. A common technique for this is to establish a Risk 
Acceptability Matrix as outlined below: 
Table 1: Probability index table. 
Estimation 
of 
probability 
Definition 
 
P index 
IP 
Probable Possible in conditions of normal use as often as possible 4 
Occasional 
Possible in case of incorrect use of the furniture therefore with 
not probable frequency. 
3 
Remote 
Possible in case of incorrect use of the furniture with rare 
frequency 
2 
Improbable 
Possible in case of improper use or error and with almost no 
frequency 
1 
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Table 2: Severity index table. 
Estimation of 
severity 
Description 
Severity 
index (IS) 
Critical 
Risk / Defect that can be fatal and/or causes a / permanent injury 
or impairment to the user or surrounding persons 
4 
Serious 
Risk / Defect that causes minor/temporary injuries or injuries to 
the user, or surrounding persons 
3 
Minor 
Risk / Defect that causes slight but objective damage to user or to 
surrounding persons 
2 
Negligible 
Risk / Defect that causes very slight but subjective damage to the 
user or to surrounding persons 
1 
 
Table 3: Risk acceptability matrix. 
Severity 
Probability 
Negligible 
1 
Minor 
2 
Serious 
3 
Critical 
4 
Probable           
4 
4 8 12 16 
Occasional        
3 
3 6 9 12 
Remote             
2 
2 4 6 8 
Improbable       
1 
1 2 3 4 
 
Acceptability: 
 Acceptable: 1 – 3 
The existence of the damage and the likelihood of this event happening is so 
low that the risk can be practically ignored by comparing it with the benefits. 
In this case, there is no need to reduce the risk. 
 Not acceptable: 4 - 16 
In order to give a value to the implemented solutions, it is useful to introduce 
the concept of identified classes of effectiveness and give these classes some 
numerical values called "efficacy indices".  
The index value is described in the following table: 
Table 4: Efficacy index. 
Effectiveness of the action taken to reduce the risk Index of effectiveness (IE) 
None 1 
Limited 0.8 
Fairly good 0.6 
Good 0.3 
Safe or according to the relevant standard (if any) 0.1 
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Considering what outlined above and taking into account the demands from 
the market (i.e. consumers) and the legislative frame inside the EU, the 
different type of risks/hazards concerning furniture can be grouped as follows: 
 Low voltage hazards. 
 Shape and design hazards. 
 Dimensional and posture of the user hazards. 
 Mechanical hazards. 
 VOC (including Formaldehyde) hazards. 
 Thermal hazards. 
 Electromagnetic hazards. 
 Biological hazards. 
 Information on the safe use of furniture. 
The matrix of the risk, score and technical solution to reduce the risk, proposed 
is the following:  
Table 5: Risk evaluation/reduction table. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x IP) 
Technical 
improvement 
IE Doc 
traceability 
Type of safety 
requirement 
A/NA Hazard 
description 
4 
(range 
from 1 to 
4) 
Description of the 
part/component 
2 
(range 
from 1 to 
4) 
8 
(range 
from 4 to 
16 
Description of 
the technical 
modification 
0.1 Test/report 
technical file, 
etc. 
 
4 EXAMPLES 
In order to understand the complexity of the furniture, two examples will be 
described below showing haw apparently similar products require different 
solutions to reduce the risk as acceptable. 
4.1 Seating A 
 Product description: upholstered armchair with fixed geometry. 
 Intended use: domestic, seat for reading/resting/TV. 
 Type of user: adult EU people (max weight: 110 kg). 
 Reasonably predictable use: occasional use by two adults (e.g. seat/ 
armrests). 
 
 
 
Figure 1: Seating A. 
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Table 6: Shape and design risks/hazards. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x 
IP) 
Technical 
improvemen
t 
IE Doc 
traceability 
Sharp edges 
and corners 
A cuts 4 
 
Edges of the 
seating 
2 
 
8 
 
Edges and 
corners 
rounded  
0.1 Test report 
EN 12520 
clause 5.1 
Stability A Fall of the 
occupant 
4 Entire seating 4 16 Testing 
according to 
EN 1022 
0.1 Test report 
EN 12520 
clause 5.3 
Movable 
parts 
NA / / / / / / / / 
 
Table 7: Mechanical hazards. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x 
IP) 
Technical 
improvemen
t 
IE Doc 
traceability 
Strength and 
durability 
A Collapse 
under the 
weight of the 
user. Sudden 
and after 
fatigue 
4 
 
Entire seating 4 
) 
16 
 
Testing 
according to 
EN 1728 
0.1 Test report 
EN 12520 
clause 5.4 
 
Table 8: VOC (including Formaldehyde) hazards. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x 
IP) 
Technical 
improvemen
t 
IE Doc 
traceability 
Formaldehyd
e emission. 
from wood-
based panels  
A Substance 
considered 
carcinogenic 
3 
 
Internal frame 3 
 
9 
 
Carb panels 0.1 Test/report,  
Product 
certification  
VOC 
emissions 
A Possible 
pathologies 
induced to 
the user 
3 Fabric, foam, 
glue, varnish 
3 9 Low VOC 
content 
components 
0.1 Test report 
according to 
EN ISO 1600 
 
Table 9: Thermal risks/hazards. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x 
IP) 
Technical 
improvemen
t 
IE Doc 
traceability 
Flammability A Fast ignition 2 
 
Upholstered 
parts 
2 
 
4 
 
Use of low 
fire behavior 
materials 
0.3 Test/report 
according to 
EN 1021 
 
Table 10: Information on the safe use of the furniture. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x IP) 
Technical 
improvem
ent 
IE Doc 
traceability 
Inadequate 
information 
for use or 
inadequate 
labeling 
A Incorrect use 
of furniture 
2 
 
Entire 
product 
2 
 
4 
 
Informatio
n for use 
according 
to EN 
12520 
0.1 Test/report 
according to 
clause 6 of 
EN 12520 
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4.2 Seating B 
Product description: upholstered armchair with variable geometry with a 
manual mechanism. Backrest inclination and leg support lift 
Intended use: domestic seat for reading / resting / TV 
 Type of user: adult EU people (max weight: 110 kg). 
 Reasonably predictable use: occasional use by two adults (e.g. 
seat/armrests). 
 Possible hazardous scenario: child crawling at home. 
 Possible hazardous scenario: use by an elderly person. 
 
 
 
Figure 2: Seating B. 
Table 11: Shape and design risks/hazards. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x IP) 
Technical 
improvement 
IE Doc 
traceability 
Sharp edges 
and corners 
A cuts 4 
 
Edges of the 
seating 
2 
 
8 
 
Edges and corners 
rounded  
0.1 Test report 
EN 12520 
clause 5.1 
Stability A Fall of the 
occupant 
4 Entire seating 4 16 Testing according 
to EN 1022 
0.1 Test report 
EN 12520 
clause 5.3 
Movable parts A Shear and 
squeeze point for 
the limbs of the 
occupant 
3 Backrest and leg 
support 
2 6 Distances from 
moving parts < 7 
or >18  
0.3 Test report 
EN 12520 
clause 5.2 
Movable parts A Shear and 
squeeze point for 
the head of the 
child 
4 leg support 2 8 Distances 
according to small 
head probe and to 
large head probe 
according to CEN 
TR13387-1 
0.3 Test report 
EN 13387 
and 
technical 
data file 
 
Table 12: Mechanical hazards. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x IP) 
Technical 
improvement 
IE Doc 
traceability 
Strength and 
durability 
A Collapse under the 
weight of the user. 
Sudden and after 
fatigue 
4 
 
Entire seating 4 
 
16 
 
Testing according 
to EN 1728 
0.1 Test report 
EN 12520 
clause 5.4 
Strength and 
durability  
A Collapse of the 
mechanism 
3 Reclining 
mechanism 
3 9 Testing according 
to EN 13759 
0.1 Test report 
EN 13759- 
2000 cycles 
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Table 13: VOC (including Formaldehyde) hazards. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x IP) 
Technical 
improvement 
IE Doc 
traceability 
Formaldehyde 
emission from 
wood-based 
panels  
A Substance 
considered 
carcinogenic 
3 
 
Internal frame 3 
 
9 
 
Carb panels 0.1 Test/report,  
Product 
certification  
VOC emissions A Possible 
pathologies 
induced to the 
user 
3 Fabric, foam, glue, 
varnish 
3 9 Low VOC content 
components 
0.1 Test report 
according to 
EN ISO 
1600 
 
Table 14: Thermal risks/hazards. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x IP) 
Technical 
improvement 
IE Doc 
traceability 
Flammability A Fast ignition 2 
 
Upholstered parts 2 
 
4 
 
Use of low fire 
behavior materials 
0.3 Test/report 
according to 
EN 1021 
 
Table 15: Information on the safe use of the furniture. 
Safety 
requirement 
applicability Hazard 
description 
IS Cause / 
component 
involved 
IP IR 
(IS x IP) 
Technical 
improvement 
IE Doc 
traceability 
Inadequate 
information for 
use or 
inadequate 
labeling 
A Incorrect use of 
furniture 
2 
 
Entire product 2 
 
4 
 
Information for use 
according to EN 
12520 
0.1 Test/report 
according to 
clause 6 of 
EN 12520 
 
Table 16: Biological risks/hazards. 
Safety 
requirement 
applicability Hazard description IS Cause / 
component 
involved 
IP IR 
(IS x IP) 
Technical 
improvement 
IE Doc 
traceabili
ty 
Inability to 
maintain 
hygienic safety 
A Uncontrolled growth 
of bacteria 
3 
 
Seat part, fabric 
nd foam 
2 
 
6 
 
Use of materials 
easily cleanable 
with household 
detergents 
0.3 Test/repor
t 
according 
to  
EN 13727 
 
 
4.3 Considerations on the examples presented 
The examples presented above suggest the following considerations on the 
risk analysis approach applied to furniture elements: 
 the sequence of the analysis steps allows to organize and face the 
complexity of the subject; 
 as regards the hazards and related mechanical risks, the EN standards 
represent an irreplaceable instrument and aid: 
 a careful reading of the field of application of the relevant standards and 
of the risks that they intend to cover is fundamental; 
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 the scenarios to be considered may differ to a very large extent, they 
change over time and space (e.g. habits in the EU may be different from 
those in other parts of the world); 
 if in the example shown, a reclining device driven by a power supply 
mechanism is introduced, risks, possible scenarios, and technical 
assessments rapidly grow.  
5 RISK ANALYSIS SUMMARY 
It can be very useful to outline the above process in a manner of logical steps 
to give the necessary order for an analysis that should have the expected 
reproducibility. The following are then the steps proposed: 
 describe the product unambiguously; 
 describe the hazards it presents according to the different risks 
(mechanical, chemical, etc.) presented in paragraph 3; 
 define if the hazard concerns the entire product or only a part of it (from 
which it can be separated); 
 define if the product presents only one hazard or more; 
 define the technical standards or legislative provisions that apply to the 
product; 
 determine the type of consumer to be considered in the accident scenario 
for the specific product analyzed; 
 in the first scenario, refer only to the user and to the use for which the 
product is intended; 
 in subsequent scenarios, consider also other possible users besides 
those for whom the product is intended;  
 describe an accident scenario in which the hazards of the product in 
question can cause damages or adverse health effects to the consumer 
concerned; 
 evaluate any other factor that is considered important for risk 
assessment. 
6 CONCLUSIONS 
From all the considerations presented in this article, it can be concluded that 
it is necessary to assess the risk throughout the entire life of the product and 
using the following “tools” and principles: 
 harmonized standards as a presumption of safety - limited to the aspects 
covered by the standard; 
 assess the risk of a product even if it does not appear to cause damage 
(direct); 
 define the type of consumer/user involved. 
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 evaluate the case in which there is a second person near the first and the 
product, 
 evaluate if there is the possibility that the consumer/user does not 
recognize the hazards (e.g. in the case of a consumer who is not the 
person to whom the product is intended); 
 a harmonized standard establishes safety requirements based on the 
essential requirements provided for by EU legislation, as transposed into 
national law. This means that the user can assume that the product 
complies with the safety requirements if the product complies with the 
standard. In this case, the risk assessment is taken care of by the 
standard, i.e. the requirements provided by the standard indicate a level 
of safety that has been assessed to represent a satisfactory level of risk 
for the consumer, 
 the advantage of the standards is that they present very detailed 
definitions of the requirements contained in the directives. This facilitates 
the assessment of risks for the manufacturer by changing it from an open 
and wide analysis to a simpler control of the achievement of a series of 
requirements; 
 however, in all cases, it is necessary to check whether the product has 
characteristics that are not covered by the standard and that may require 
an independent risk assessment,  
 vulnerable consumers (remembering the definition given at the 
beginning) (for children the concept of danger is not formulated up to 
about eight years); 
 reasonably predictable use (chair used as ladder etc.) 
 cultural context (important) (e.g., many children in today´s cities do not 
experience the danger of fire). 
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Abstract 
Since a few years, it is observable that retail tends to reduce order lots while 
simultaneously ordering intervals are shorten. This leads to additional 
expenses for the producing industry in virtually every class of business, 
especially in the field of logistics. This trend is intensified by retail’s demand 
to be supplied with mixed cartons. 
For the industry, drawbacks are outweighing and additional costs. The 
described changes and trends lead to additional efforts in production and 
logistics. Production lots must be scaled down, additional set-up times and in 
some cases, the whole enterprise resource planning must be adjusted to the 
needs of producing mixed cartons. Especially the build-up of mixed cartons, 
e.g. sorting, compiling, and packaging increases the organizational and 
logistical requirements and constitutes a surplus load for the producer. 
Due to the fierce competition in the industry sector, these additional expenses 
cannot be shifted on the retail.  
To counter this trend new strategies and methods of logistics for mixed 
cartons configuration must be developed. Furthermore, technical planning 
and realization are serious challenges. To secure the quality of the process, 
and thus keep due dates and meet other needs, technical innovations are 
required. 
Keywords: 
Mixed cartons, Automated packaging system, Production planning, Genetic 
algorithm 
1 INTRODUCTION 
Due to the aggregate concentration, especially in food retailing, big business 
enterprises have been grown up. In this context cash and carry markets have 
a dominating market position. Their market share is still increasing [1]. 
This market trend, the rising pricing pressure, and business competition, as 
well as the customers’ demand of high variety, quality of goods and low 
prices, lead to a changing order and marketing behavior of the retailers. 
In this field, a fundamental development trend is the intensified use 
respectively demands of mixed cartons.  
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A mixed carton is referred to as a carton which is made up of different articles. 
This means that the content of the carton is not build up from identical articles 
of the produced goods; rather a mix of two or more different articles in one 
single carton. The number of different sorts as well as the proportion of sorts, 
the pattern of arrangement, the pallet pattern or the dimensions of the packed 
goods can be subject to change.  
Retailers from every background, e. g. drugstores, music stores or building 
centers, can significantly benefit from the employment of mixed cartons. On 
the one hand, the ordering process is less complex because several articles 
can be ordered by one position under a single order number. On the other 
hand logistical expense and handling is reduced in mass and complexity. 
Another advantage is that changing demands and different buying patterns 
can be easily adopted by changing the composition of the mixed carton. 
Analysis at the Department of Planning and Controlling of Warehouses and 
Transport Systems, University of Hannover, has shown that the share of 
products which were provided in mixed cartons is up to 80% for single 
companies. This percentage applies to the supply of milk and yogurt products 
in cash and carry markets located in Germany. 
For mixed cartons, the main fields of applications are in the industries 
 Pharmaceutic,  
 Cosmetic, 
 Food, 
 Beverage and 
 Music. 
 
The reason for this trend is an expansion of the product range in the 
supermarkets with the same sales area or shelf capacity. 
2 CHARACTERISTICS OF MIXED CARTONS 
A mixed carton is built up of different products. This means that the content 
not only includes products from the same sort or producer; rather the carton 
is a mix of two or more different items. The number of different sorts or 
products, the composition of the mixed carton, the pattern of arrangement or 
the dimensions of the packed goods can vary from one mixed carton to 
another one. A mixed carton is a secondary packaging entity which includes 
primary or secondary packaging products. Because of this, a mixed carton is 
often manufactured in multi-level production. A mixed carton can be build up 
of layers. A layer again consists of rows and columns of packages. Another 
type to construct a mixed carton is to arrange a diversity of package stacks in 
a matrix. As shown in Figure 1, three kinds of mixed cartons can be 
differentiated. 
A layer-mixed carton includes only layers with products of the same sort. The 
sorts can vary with the layers. In a stack-mixed carton, the products in a stack 
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are from the same sort. The most complex kind of mixed carton is the defined, 
chaotic-mixed carton in which the sort can diversify with every pack. 
 
 
 
Figure 1: Three kinds of mixed cartons. 
3 ADVANTAGES AND DISADVANTAGES 
The use of mixed cartons has a far-reaching effect on the whole supply chain. 
Particularly the intralogistics of the retailers and the producers must be 
adjusted to new requirements. In the following subsections, the requirements 
and consequences are discussed. 
3.1 Retailers 
As already mentioned, mixed cartons are increasingly demanded by retailers 
from every background. At last, the number of products which are provided in 
a mixed carton is rising. This demand results from the economical and 
logistical advantages for the retail which were initiated from the use of mixed 
cartons. The main advantages for retailers are: 
 Reduction of the order lots 
 Reduction of the stock 
 Fresher products 
 Inducement to buy 
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In administrative respectively informational way the use of mixed cartons 
reduces the outlay for orders. In one order lot, a defined number of different 
articles can be ordered with one single order number, so the retailer saves 
time in comparison to ordering every article on its own.  
Additionally, the retailer only has to submit information about the quantity of 
the ordered mixed carton instead of one quantity for each single article. In the 
same context, the billing, the payments, the master data administration and 
so on are simplified and shortens. The retailer has to check and to pay one 
billing position, instead of one billing position for any article. 
In the connection of the optimization of logistical processes, retailers reduce 
their storage grounds. Especially for retailers of perishable foods this savings 
provide a big benefit. They save the storage ground, labor costs, handling, 
and storage equipment as well as the energy for the cooling. This trend is 
assisted by the use of mixed cartons. On the one hand, the stock per article 
will be reduced and on the other hand retailers try to store directly in the sales 
shelf. That means that the producing industry has to deliver the ordered 
articles “just in time” and without any storage by the retailer. 
Another essential advantage is that the articles provided in the sales shelf are 
in direction fresher. Especially for perishable food, this point may not be 
underestimated. Furthermore, an inducement to buy can be provided by 
mixing different articles in one carton. 
3.2 Producer 
For producing companies, the disadvantages are outweighing. Compared to 
cartons of only one article, relevant additional expenses occur. The main 
disadvantages are: 
 Higher production costs 
 Additional process controlling 
 Additional store 
 Either more workers or automated machines 
 
This affects especially the areas of production, logistic, and organization. Due 
to the complexity of the production of mixed cartons, a new production step 
has to be inserted. This means that subsequent to the production of the packs 
other cost-intensive production lines have to be established, which are 
operated manually or automatically. 
To guarantee smooth operations, the exact coordination of the production 
steps is needed. Beyond the organizational expenses, additional invests 
should be held in mind. Buffers between the first and the second production 
stages, which balance changes in the production-level or break-downs, 
additional employees or machines to pack the cartons because of extra costs. 
Due to the hard competition in this sector, the additional costs cannot be 
passed on to the retail companies. In fact, these costs have to be paid by the 
producing companies themselves, either by lower earnings or by 
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rationalization of the workflow. It is estimated to have 20 % additional costs 
on the production costs. 
4 PRODUCTION CONCEPTS 
The production of mixed cartons is a two-staged process. The first stage is to 
produce single packs. The second stage is to build up the mixed cartons from 
these packs. To synchronize these two stages, a linking of the two processes 
is necessary. A direct transport of packs from the first stage of production to 
the second stage reduces the handling expenses but increases the risk of a 
loss of production. Buffers reduce the dependencies between the two 
production stages but make it necessary to use loading devices for the packs. 
The loading devices must be designed to guarantee easy loading and 
unloading.  
The production of mixed cartons is a difficult process because of the complex 
assembly of the packs, the varying dimensions of the products and proportion 
of sorts. Furthermore, precise package placement and fragile or twisted 
products make the manufacturing complicated. Together with the retailer’s 
requests of often changing mixed carton’s arrangement, a very flexible 
production process is demanded. Therefore, most mixed cartons are manually 
produced with a high labor assignment. Also, the packaging of mixed cartons 
with special inlays makes it difficult to automate the production [2]. Very 
complex packaging systems with vision-guided assembly for placing items in 
moving cartons are necessary for an automated production of mixed cartons 
according to the resellers' requests [3]. In the following subsections, some 
possible design concepts for mixed carton packaging systems are described.  
However, these three production concepts of automatic sorting and packing 
have limitations. Generally, it is not economically meaningful to have 
automation if the personal costs are quite low. Furthermore, they cannot be 
used in the following situations. Firstly, the amount of mix cartons is low. 
Secondly, the packaging geometries are different. Thirdly, the carton 
configurations are changed permanently.  
4.1 Direct packaging of items 
Figure 2 shows the concept of an automated way to produce mixed cartons. 
The packages are placed with handling units, like vision guided pick and place 
robots, direct into the carton. The cartons are guided along the handling units 
by a conveyor system. One handling unit has access to packages of one or 
more sorts, picks a pack from the supply conveyor and places the pack in the 
carton. If a carton is not a stack-mixed or a layer-mixed carton, it is defined as 
a chaotic-mixed carton. Three settings to produce chaotic-mixed cartons on a 
direct packaging system are defined. 
 Each handling unit has access to the whole assortment of articles and 
can place each pack 
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 Along the conveyor system are as much handling units arranged as 
packs are in the mixed carton 
 An oval circulating conveyor system to perform a number of rounds along 
the handling units as long as the mixed carton is completely filled.  
 The speed of the conveyor is determined by the variant number of the 
packages and the reaching area of the handling units. 
 The robot with the highest performance requirement determines the 
performance of the mix carton packaging.  
 
In all cases, the rules of GS1 [4] must also be taken into account for mixed 
cartons. Each new configuration must receive a new Global Trade Item 
Number to ensure logistical uniqueness for all production and logistics 
processes. 
 
 
 
Figure 2: Direct packaging system. 
4.2 Prefabrication of layers  
In the concept of prefabricated layers, as shown in Figure 3, the arranged 
pattern of each layer is build up in a first step. The layers are configured by 
handling units on a conveyor system. Therefore, each handling unit picks a 
package and places it at the correct position on the conveyor system. By the 
cooperation of the handling units and continuous pick and placing the layers 
are generated.  
Firstly, the bottom layer is produced and afterwards the others up to the top 
layer. The single handling units have access to packages of one or more sorts. 
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After the prefabrication, the layers are packed successively in the carton by a 
layer-handling unit. If it is possible, the product sort with the highest amount is 
handled with more than one handling unit.  
 
 
 
Figure 3: Layer-prefabrication packaging system. 
4.3 Prefabrication of stacks 
Figure 4 shows the concept of prefabrication of stacks. In this production 
concept, a stack of the mixed carton is built by ordering the packages in a 
delivery chute. This chute is fed by multiple repositories which contain only 
one sort of product. Afterwards, the stacks are placed into the mixed carton 
by a handling unit. The performance of all handling units should be balanced. 
A packaging system includes one or more deliver-chutes for prefabrication of 
stacks. Contrary to the first-mentioned methods a sidewise tilting of the mixed 
carton is necessary for the filling of stacks. 
5 PERFORMANCE COMPUTATION OF MIXED CARTON PRODUCTION 
The performance of packaging systems depends on many factors. The first 
group includes hardware-dependent factors. The number of pack delivery 
conveyors to the handling units defines the maximum quantity of different 
articles which can be packed. The number of handling units combined with 
the maximum number of packs per time per handling unit defines the 
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maximum output of the whole system. Modern handling units are capable to 
place up to 100 packs per minute for lightweight packs and small working 
space.  
 
 
 
Figure 4: Prefabrication of Stacks. 
To calculate the output performance, it has to be defined which handling unit 
has access on how many and which articles. Further essential information is, 
which handling unit places, which pack in the carton. The aim in assigning 
articles to the handling units is to equalize the amount of picks of all handling 
units. The utilization grows with the number of articles assigned to the robots. 
Variable dimensions, especially variable heights, can complicate the 
assignment of articles. For the case of overlapping packs in one layer, it is 
important to place the lower packs first. These backlashes on the assignment 
of articles are to the handling units.  
Next to the assignment problems the speed of the conveyor system is another 
difficult task. These speed constraints the output, higher conveyor speed is 
connected to higher output. The handling unit has to follow the moving 
conveyor for the duration of the placing process. For this, the working space 
of any handling unit must be as big as possible. On the other hand, a bigger 
working space means a higher cycle time for the placing process and thus a 
lower output of the robot. Furthermore, several rotations on a circular 
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conveyor reduce the output as well. All these factors have to be considered 
for calculating the maximum output of a packaging system. The amount of 
influencing factors makes output calculations very voluminous and they can 
usually not be carried out manually. Particularly when planning a packaging 
system an ordering customer wants to be informed about the possible output 
of his packaging system to estimate the benefits he gets for the investment.  
Therefore, a computerized planning-tool is essential for customers and 
packaging system producers. The high amount of factors for article 
assignment and technical configuration which must be considered, lead to a 
high variety of combinational scenarios. This makes it impossible to calculate 
the output for any conceivable scenario, even for computer-based 
calculations.  
For this reason, a meta-heuristic procedure based on a Genetic Algorithm and 
integrated this calculation into a computer-based planning tool have been 
developed. The Genetic Algorithm has been successfully used in the problem 
of order batching [5], which is similar to the problem of mixed cartons. This 
empowers the operator to calculate the possible output before the packaging 
system is built and provides suggestions for an optimal technical configuration 
of the system as well as an optimal assignment of articles to the handling 
units. Along with the implementation of the planning system, the actual 
solutions were simulated with a computer-based simulator.  
Genetic algorithm is based on the idea, that nature is a big optimizing system, 
in which several forms of life try to adapt to their environmental conditions 
generation after generation [6]. It is a meta-heuristic, which simultaneously 
calculates different possible solutions through operations of such as 
“reproduction” and “selection” [7].  
6 CONCLUSIONS 
The current development shows, that the market share of products sold in 
mixed cartons, unlike those in cartons with only one article, still increases. 
Based on this fact, the usage of mixed cartons along the supply chain will be 
a way to strengthen the producer’s position in the competition. Therefore it is 
important for producers to think about the usage of mixed cartons early. 
Latest trends show, that two ways of operation, depending on aim and 
company size, are advisable. The first way for producing companies is to 
invest in an own-possessed packaging system. Given a high utilization, this 
system should be an automated system. The other way is to outsource the 
production of mixed cartons. Service providers are supplied with cartons of 
only one article and build up mixed cartons from them. The foundation for a 
successful operation of mixed carton packaging systems, especially 
automated ones, is the precise planning process. It is necessary to define 
requirements regarding outputs, the number and structure of handled articles 
as early as possible and as detailed as possible. When selecting contractors, 
proved companies with experiences concerning packaging systems should be 
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preferred. Before signing a contract for a packing machine, it should be 
verified by an independent expert that the system meets the defined 
requirements. One way of verification can be a simulation. 
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PRODUCTION SCHEDULING AND SIMULATION – A CASE 
STUDY 
H. Dadabhoy, M. Nicolich 
Department of Engineering and Architecture, University of Trieste, Italy 
Abstract 
The objective of this work is to understand different processes and procedures 
that the company is currently facing and the improvements that they desire. 
The goal is to manage the production process in terms of scheduling and 
simulation. The work refers to a make to order (MTO) hierarchical production 
system, where the weaknesses of MRP traditional procedure are overcome 
by an outside computation of lead-times and process constraints. The process 
starts from forecasting production, as prompted by suppliers, for having 
stochastic raw material management. Consolidate data allows to start out with 
performing scheduling with actual monthly customer request and improving 
scheduling with the same request. The second part of the approach is using 
discrete-event simulation software to make an approximate replica of the 
production floor for each month and simulate to estimate lead times for MRP 
and analyzing the result. 
Keywords: 
MRP, Production planning, Simulation, Warehouse 
1 INTRODUCTION 
Production planning involves determining the time and quantity of raw material 
available at the production in such a way that the demand for finished products 
from customers is met in the best possible way. 
An executable production plan must be feasible in compliance with the 
constraints and company rules of the production plant. 
A critical problem is how to represent the relationship between the work-order 
release model in the system over time and the resulting output. 
The MRP procedures ignore production capacity constraints and assume 
fixed lead-times that bring to some obvious disadvantages:  
 Decoupling between client’s orders and production orders; it does not 
identify which customers  (orders)  are affected by a production delay;  
 In MRP procedure there is a lack of information concerning the capacity 
of the machines; 
 Integration with a Finite Capacity Scheduling (FCS) needs a unique 
planning and scheduling process.  
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Understanding this relationship at the heart of any production planning model, 
one wants to manage the release of raw material in the system over time to 
coordinate demand and supply in an optimal way. 
A critical part of such a relationship is the cycle time: the time between the 
issue of orders in the system and the output of the finished products. The 
reference is the estimation of the cycle time which is used in the planning 
models as delivery time.  
Decision-making tasks such as capacity planning, order issuance, lot size, 
and scheduling are often cited as typical challenges in this context. 
Customer’s orders are the main driver in custom production systems because 
production processes are in any case triggered by specific demand. 
The approach based on simulation in literature is analyzed. They refer to 
integrating the infinite capacity MRP procedure with simulation algorithms with 
the aim to determine lead times and capacity constraints in the production 
environment.  
A.J.Weintraub et al. [1] look for a scheduling system add-on to an infinite 
capacity MRP system. Such a finite capacity model overcomes deficiencies 
by MRP procedure above described. 
Using a simulation model, T. Rossi et al. [2] predicts the lead-times, minimize 
stock keeping costs and WIP by applying right-shift schedule rule. They 
compare the proposed approach with traditional one. 
M.Gansterer et al. [3] refer to a hierarchical production planning system in a 
make-to-order environment. They use a Discrete Event Simulation (DES) 
reproducing the production system coupled with a mathematical optimization 
model, linear model, for decision problem to identify a good setting of three 
planning parameters: planned lead times, safety stocks and lot sizes. 
T. Rossi et al. [4] overcomes lead-times as requested input combining 
traditional MRP procedure with an approach based on linear programming. 
They generate feasible production plans with effective computation time in a 
real-world scenario.   
Different decision levels usually refer to different time horizons and degrees 
of aggregation. In fact, higher the decision level higher is the uncertainty 
because it involves longer planning horizons. 
The issue of decisions taken at different levels can be tackled by implementing 
a hierarchical planning system in the context of custom production. 
Important components of the hierarchical planning system for custom 
production systems are aggregated planning/master production planning 
(MPS) and material requirement planning (MRP) [3]. 
Since the MPS is considered solved, the focus is on the optimization of 
parameters related to MRP ensuring the system performance. 
Therefore, parameter tuning is a crucial problem in this context. Here, the 
planned lead times, safety stocks and lot sizes are taken as very important. 
The term planned lead-time for the number of time periods between the due 
date and the start date of production is used. 
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A compromise between a higher level of service and high levels of inventory 
is detected. The increase in lot size also leads to an increase in inventories, 
but reduces the number of set-ups. 
Since the planning structure, within the framework follows the philosophy of 
hierarchical planning, each of several decision-making phases can refer to 
their own planning horizon and their level of aggregation.  
The decisions refer to medium-term capacity planning and short-term batch 
sizing tasks (generation of production orders), machine scheduling and 
workshop control. 
A finite MRP procedure is not defined, but a scheduling dispatching rule by 
means of a DES is integrated with a traditional infinite MRP. It starts with a 
first infinite MRP whose output is scheduled and simulated with DES 
determining the lead time for each job. The choice of the dispatching rule 
depends on the required performances and the result, which are the lead 
times, is used for a new MRP. The loop continues until the MRP and the DES-
scheduling are equivalent / are sufficiently close. 
2 APPROACHING METHODOLOGY 
The present work discusses scheduling and simulation having information 
from forecasting of next production periods. Because forecasting is ongoing 
in another work, computation has been carried on the first six months of data 
of the current year that helps for a kind of validation procedure. 
Once simulation with given dispatching scheduling satisfies the due date of 
customers, MRP can be prepared that gives the timing of machines 
occupation, lead-time for each job, and raw material consumption (Fig. 1). 
Warehouse stock is under control computing:  
𝐷𝑛 = 𝐷𝑔 − 𝑊𝑎, 
 
𝐸𝐷 = ⌈
𝑁𝐷
𝐵
⌉. 
Dn: net requirement demand, dependent demand,  
Dg: gross requirement demand, independent demand, 
Wa: available stock,  
De: Dn rounded in excess, due to batch processes dimension B that arises in 
production flow. 
 
The product’s BOM is here very short, only two levels, whose components are 
not produced in the factory and only assembly is done. 
After overcoming the production processes that are common to all products, 
items are stored at the ground in front of the painting plant. Here customer 
orders are separated according to the requested color. The products are then 
assembled and packaged in suitable transportation lots. They are 
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simultaneously submitted to the control module (final products) and excess 
quantities remain available in the warehouse for further demand. 
The customer market is described by stochastic forecasting distributions that 
drives the order quantities and required delivery. Based on these market data: 
forecasts and customer orders are available. 
Forecasts and customer orders go through the two basic planning 
components, i.e. aggregate planning/MPS and MRP, respectively for two 
purposes: raw material quantity procurement (monthly supply) and production 
planning (monthly).  
Aggregate planning / MPS: the main production program is calculated. 
 Aggregate production amounts together with current monthly customer 
orders make up the basic input for the next planning phase. Scheduling 
dispatching rule and DES model give production lead time, lots and 
warehouse stock (dotted line in Fig. 1). 
 MRP: the input data mentioned above are passed to generate the 
production order, which is currently implemented using the traditional 
MRP concept. The objective function for parameters optimization is the 
fill rate subtracting the cost of inventory. 
 
 
 
Figure 1: Project framework. 
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To calculate the fill rate Fr, sum the amount of deliveries on time Ad and divide 
this by the total amount of all planned deliveries TAd.  
𝐹𝑟 =  
∑ 𝐴𝑑
𝑻𝐴𝑑
 
The target value must be maximized: max (Fr). 
The execution of orders queued at the machines is guided by dispatching 
rules (e.g. Longest Processing Time with/without Priorities, Slack-Based 
Priority Rule, First In First Out, Earliest Due Date, ...). 
Because of the huge number of parts produced in the company, it was first 
simulated the quarterly production, based on the production of last year. 
After scheduling the machine department, data are used by the DES virtual 
model of the real production flow. 
3 PRODUCTION FLOW 
The machining department appears as the critical point of the entire flow shop. 
It is situated at the head of the flow and serves the flow line through which all 
production passes and shifts management will get over possible bottlenecks. 
Scheduling parallel machines, single operation/parallel not related machines, 
means schedule the entire production for the monthly period. 
 
 
 
Figure 2: Production flow. 
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There are two core operations inside machining department, which are 
different depending on different parts to be worked upon: MC1 and MC2 work 
the same part type L, but different dimensions x,y; MC3 and MC4 work eleven 
different part types Hz with different dimensions x,y. 
The first two machines are devoted to mass production of L type parts, the 
most requested: small dimensions on MC1 and larger ones on MC2. 
Remaining machines receive a workload to start in parallel flows. All machines 
are different: in terms of different set-up and processing times, so a Longest 
Processing Time (LPT) dispatching rule well satisfies scheduling through 
these parallel processes. The material flow control is matched using a monthly 
workload and the following MC5 continuously receive parts that can saturate 
it, in any case there are two plants, MC6 is very fast. 
An LPT dispatching rule algorithm has been prepared to minimize machining 
department make-span [6]. The workload for both machine groups was 
computed: the exact monthly quantity Dn and excess-planned quantity De to 
reach the full batch mass measure for next processes of production (i.e. MC5 
and MC6), which work with FIFO rule up to painting station where painting 
takes place by color. 
All parts are finally stored at the painting ground that is the effective 
warehouse and where the customer orders are customized (color). The 
excess production from a batch of items will drive the warehouse 
management: immediate satisfaction of small customer orders (independent 
order) and subtracting parts to define the production plan orders (dependent 
order). The excess inventory can be immediately invoiced in the next demand. 
4 USING THE MODEL 
A discrete event simulation software has used for short-term planning, 
monthly, and long-term planning, up to three months, quantifying procurement 
of raw materials by means of forecasting to extract out information regarding 
machine utilizations: if machines are capable to handle such situations or not. 
The virtual model that mimics physical reality poses the problem of data 
availability in terms of analyzing them and connecting all the links among 
different data acquired by the company to extract out only the required 
information. Once all the data are organized, the first step is to start out with 
performing scheduling with normal customer requests following with optimal 
and improved scheduling with the same request. After that, an approximate 
replica of the production floor has made for each month simulating to analyze 
the result [7]. This approach is very important for Industry 4.0 implementation 
to understand different scenarios without spending too much money and 
avoiding physical task. One can use simulation both for monthly production 
planning and, with forecasting data, covering lead-time for raw material 
procurement. Commercial is the first department that deals with order 
requests by the customers and enters them digitally into the system. MPS is 
constantly connected with warehouse stock level that is the safety stock of the 
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required parts. Between warehouse and planning department, it performs the 
following functions: 
 Parts availability Wa satisfies the customer order Dg immediately, 
Wa≥Dg; 
 If parts are not available, Wa=0, generate full production order Dn=Dg; 
 If parts are not enough, Dg≥Wa, generate Dn=Dg-Wa production order. 
 
The production flow in this case study, after machining department, the 
following stations work with batch loads. In order to saturate them as much as 
possible, the batches are set to full quantity, excess production, generating in 
this way goes to the warehouse as safety stock. Part type aggregation has 
tested as first monthly production planning workload avoiding time setup loss 
for each customer order.  The machining department, that appears the drum 
for production rate flow, has scheduled by LPT dispatching rule in order to 
minimize make-span and feeding continuously the next batch station. An 
example of two parallel machines scheduling and production plan can see in 
Tab. 1 and Fig. 3. 
Table 1: Production plan on two parallel machines. 
 
 
 
 
 
 
 
 
 
 
 
Dispatching 
time table 
Day 
time 
set
up 
part 
Day 
t start 
Day      
t end 
set
up 
part 
Day     
t start 
Day      
t end 
set
up 
part 
Day     
t start 
Day     
t end 
MC1 
I 
8:00 
4 L10 
I   
12:00 
IV  
17:50 
4 LO13 
IV  
21:50 
V  
13:04 
    
LPT 
Two shifts 
                 
MC2 
I 
8:00 
1 LO10 
I   
09:00 
II   
17:00 
1 L7 
II   
18:00 
III  
17:00 
1 L8 
III    
18:10 
IV     
11:00 
set
up 
part 
Day     
t start 
Day     
t end 
set 
up 
part 
Day      
t start 
Day     
t end 
set 
up 
part 
Day     
t start 
Day     
t end 
      
    
    
              
1 L13 
IV 
12:00 
IV 
19:12 
1 L16 
IV 
20:12 
V   
10:12 
1 LO16 
V  
11:12 
V  
14:12 
Production Scheduling and Simulation – A Case Study 
56 
 
 
Figure 3: Gantt charts for LPT scheduling on two parallel machines. 
Taking longer production periods, five months of available data, due dates of 
customer’s orders are considered in a monthly planning period and early due 
date scheduling dispatching rule has adopted. Monthly planning shows not 
too much improvement from the excess plan in terms of machine busy 
percentage (information extracted from simulation). Changes in busy 
percentage as the focus on prioritized parts increases could be because of 
more setup times, which make machines unusable during that time. Typical 
figures are in tab 2. 
Table 2: Normal LPT vs. Excess LPT for May 2018 (Simulation). 
Machine % Busy Normal % Busy Priority % Difference 
MC1 32.02 35 2.98 
MC2 40.56 35.03 -5.53 
MC3 71.67 65.29 -6.38 
MC4 67.79 61.43 -6.36 
MC5 93.73 95.09 1.36 
MC6 5.87 5.96 0.09 
T1 41.26 36.28 -4.98 
T2 71.19 68.73 -2.46 
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5 REMARKS  
Analyzing available data of five months of production, evidence emerges that 
utilizing the MC5 full batch load (excess production), its maximum capacity, is 
crucial. Not only does it not making any significant impact on the overall 
process, by using it on most demand parts that are 80-85% impact parts, but 
production time and process can be saved by using this technique. The 
operation saving is around 8% and material flow reduced by 13% that 
corresponds to about 64 working hours (Table 3.). 
Production capability can be understood easily by the capability of the 
production facility to produce parts more efficiently and more quantities in its 
current stage. The efficiency can be increased by applying different 
improvement techniques by proper analysis of the system. 
Table 3: Original vs. Improvement by scheduling and safety stock. 
 
 
 
 
Figure 4: Machine Busy Percentage in Improved Condition. 
Original 
(Excess Plan) 
Improvement  
Excess plan - stock 
# of Batch # of Batch Operations difference Quantity difference 
L type parts 
143 129 -9,8% -13,5% 
H Type parts 
67 62 -7,5% -13,2% 
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Figure 4 is the result extracted from the Simulation, which shows the amounts 
the machines busy rate being increased by using excess production condition. 
0% in figure 4 shows the current condition at the company, while bars are 
showing the improvement result that machines are being utilized more. 
Improvement in production capability can also be easily detected by analyzing 
the amount of overproduction that can be avoided and that results in the 
number of hours that can be saved. The number of hours saved that can be 
easily allocated to other remaining production of parts. 
Below is the first scenario by using the improvement methodology of excess 
production from January 2018 to June 2018. The main consideration is to see 
how much excess work can be avoided with the help of a warehouse, which 
will be stored and be used to cover future demands. Surprisingly, 36% of 
production can just be saved between Jan to Jun 2018, fig. 5, and the figures 
can keep on improving if we had the data till December 2018. 
 
 
 
Figure 5: Production saved with the help of the warehouse of Jan-Jun 2018. 
6. CONCLUSION 
A challenging task, in this company test case context, is to the best production 
parameter. Namely identifying the good settings for three planning 
parameters: 
 Planned lead times; 
 Safety stocks; 
 Lot size. 
 
Within a simulation of discrete events that mimics the production system, an 
optimization model is needed to replicate decision problem. Decision-making 
tasks such as capacity planning, order issuance, lot size, and scheduling are 
often cited as typical challenges in this context. [3]. 
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Scheduling and capacity planning are focused on drum station, in this case, 
the machining department, defining lead times and flow of all products.  
Workload refers to a monthly period for actual production orders and forecast 
of raw material procurement. The particular condition of batch load for MC5 
helps to define lot sizes with reference to minimum warehouse safe stock 
management. 
Monthly product’s aggregation has assumed to minimize makespan and 
warehouse stock. On the other hand, priority depending on orders due date 
brings to a low increasing for makespan and warehouse stock. 
In accordance with proposals [1] and [2], it is here confirmed that an outside 
computation, through a workload scheduling on resources, covers the 
shortcomings of the MRP procedure providing reliable data for production 
planning and helping cost containment of warehouse inventory. 
The solutions still pursue the mono-objective optimization of scheduling 
showing the lead time values. 
The problem in its entirety, however, requires an optimal multi-objective 
solution, that is lead time, lot size and warehouse stock. Authors [4] solved it 
with a linear model of optimization of the three parameters and that [3] also 
pairs with the virtual model DES of the production system for verification. 
The development of this work will involve finding the best values for the three 
parameters that match as close as possible the desired performances of the 
production system.  
The approach is to connect an optimization cycle, e.g. genetic algorithm type 
software, to a model that simulates the production using a discrete event 
simulation (DES). A loop starts and computation stops when results will 
converge to the objectives by a set of optimal solutions with short computation 
time [9]. 
The production of the future, in fact, will be characterized by shorter product 
life cycles, an increasing number of variants and short-term production 
program changes triggered by the customer. This leads to the rise of many 
new complex enterprise challenges. Core competencies such as innovation 
capacity and fast implementation are crucial for the future, ensuring societal 
prosperity through sustainable and real value. An answer to the changed 
environment offers the fusion of information technologies with other technical 
fields such as mechanical engineering as defined by the German language 
term “Industrie 4.0” [8]. Enterprises which refuse to address these new 
developments cannot remain competitive in the long term in the face of 
competitive pressures [5]. 
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INCREASING THE SUSTAINABILITY OF MANUFACTURING 
PROCESSES: ECOLOGICAL IMPACTS OF ADDITIVE 
MANUFACTURING 
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University of Applied Sciences Münster, Germany 
Abstract  
Digitalization and sustainable development are goals of the global community, 
but can they also be achieved simultaneously? This article investigates the 
impacts of additive manufacturing (AM) on sustainable production and 
consumption. The use of AM technology as a means of digitalizing 
manufacturing processes is assessed through a qualitative life cycle analysis. 
The model developed for this purpose provides a structure for an analysis of 
the general ecological effects of AM. The systematics of the life cycle model 
also supports a company-specific assessment. 
AM can have a positive impact on achieving sustainable development with 
regards to ecological effects, particularly by reducing the consumption of 
resources in production and distribution. However, there are also negative 
ecological impacts of this technology, such as rebound effects and high 
energy consumption, which vary depending on the application and the printing 
process. It appears necessary for regulatory policy to intervene to maximize 
the opportunities for the positive effects of this technology. However, it is 
important to reduce the risks that contradict the objectives of the 12th 
Sustainable Development Goal of the UN: sustainability of consumption and 
production.  
Keywords 
Digitalization, Additive manufacturing (AM), 3D printing, Sustainable 
develop¬ment goals, life-cycle assessment, Ecological sustainability  
1 INTRODUCTION  
Digitalization and sustainability are currently among the most salient 
buzzwords in business and politics. Technological innovations offer seemingly 
limitless possibilities to digitize processes, products, and business models and 
thus to optimize overall economic production. In this regard, the United 
Nations have formulated 17 goals for sustainable development, the 
Sustainable Development Goals (SDG), to end poverty, inequality, climate 
change and environmental degradation by 2030 [1]. The German Advisory 
Council on Global Change sees potential in digital technologies for achieving 
ecological sustainability, for example through increased material efficiency or 
an improved recycling system. Nevertheless, the negative ecological effects 
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and risks of such digital technology, such as increased energy consumption 
and additional waste, have been identified [2]. 
 
Against this background, the question arises concerning how digital 
technologies can help to promote sustainable development in line with the UN 
Sustainable Development Goals. What risks of digitization can inhibit 
sustainable development? This article focuses on AM as a digital 
manufacturing technology, which is considered to play a central role in 
advanced manufacturing respectively Industry 4.0 [3]. First, AM technology is 
defined in the following section. The third section describes environmental 
sustainability and concretizes it against the SDG's twelfth objective. 
Subsequently, sections four and five present the research methodology, the 
model of qualitative life cycle analysis and the key findings. The analysis is 
limited to the ecological aspects of sustainability. Finally, the last section 
answers the research question and identifies key areas for further research.   
2 ADDITIVE MANUFACTURING  
The term AM is an umbrella term for various technologies or additive 
manufacturing processes in which three-dimensional objects made of one or 
more materials are built up layer by layer using physical or chemical melting 
or hardening processes [4]. The decisive characteristic is the layer-by-layer 
(additive) structure, in which a physical object is created by adding, applying, 
and depositing material based on a digital CAD model; no product-specific 
tools are required. The mechanical-technical properties of the object are 
created simultaneously with the creation of the geometry. The virtual model 
based on the digital 3D data is converted directly or relatively "seamlessly" 
into a physical component. The terms additive manufacturing processes, 
additive manufacturing (AM), rapid technologies, generative manufacturing 
processes, and 3D printing are used synonymously.  
3 SUSTAINABLE DEVELOPMENT AND THE UN SUSTAINABLE 
DEVELOPMENT GOALS  
The most frequently cited definition of sustainable development originates 
from the UN World Commission on Environment and Development (WECD), 
which defines it as "development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs" [5]. 
Sustainable development emphasizes that the needs of all people living today 
must be met in such a way that all future generations have the same 
opportunities to satisfy them. In 2015, the United Nations set 17 Sustainable 
Development Goals, the global pursuit of which should enable sustainable 
development by 2030 [1]. The twelfth goal focuses on the sustainability of 
consumption and production and is addressed in the article which states: 
Cleaner and Sustainable Production 
65 
"Ensure sustainable consumption and production patterns.” In particular, 
developed countries should act as pioneers in implementing a framework for 
sustainable consumption and production patterns. The aim is to achieve the 
following by 2030:  
 Sustainable management and efficient use of natural resources.  
 Ecologically handling of chemicals and waste.  
 Reduction of waste by avoiding, reducing, reusing, and recycling it. 
 Entrepreneurial use of sustainable practices.  
 Awareness of sustainable lifestyles among all people.  
 
In the sense of this definition, the authors understand ecological sustainability 
with regard to AM as the operation of a value-adding system that meets the 
needs of today's users within the framework of sustainable consumption 
through a production method that conserves resources, avoids waste, and 
respects the ecologically sensible handling of chemicals and residual 
materials.  
4 RESEARCH QUESTION AND METHODOLOGY  
Although a large number of scientific articles pertains to the relationship 
between AM and sustainability, there is no comprehensive and structured 
overview of the environmental impacts along the entire life cycle of 3D printed 
components and products [6]. Against the background of this research gap, 
the following question must be addressed: 
 
What ecological effects does the additive manufacturing of components and 
products have over the entire life cycle of a component respectively product 
compared to the use of non-additive manufacturing processes in a value-
adding system? 
 
A life cycle analysis enables the systemic assessment of the ecological effects 
of the use of AM. This prevents risks and problems from being identified and 
eliminated in one phase of the life cycle by shifting them to other phases of 
the life cycle without being identified. Both quantitative and qualitative 
methods can be employed to address this question [7]. For quantitative 
methods, a specification of the examined component or product must be 
made, since AM covers a multitude of possible applications, printing methods, 
and materials [8]. Depending on the characteristics and combination of the 
aforementioned variables, the ecological effects can vary considerably in 
some cases. This study has a low specificity because it analyses the 
environmental impacts of AM across industries, market levels, printing 
processes, and materials. Thus, the study has a high degree of general 
applicability and can be adapted to a variety of constellations. 
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From a multitude of potential influencing factors, the decisive determinants of 
the ecological effects of AM were determined theoretically in two steps 
(qualitative-explorative). In the first step, the life cycle of a 3D-printed object 
visualized in Fig. 1 was systematized on the basis of the Supply Chain 
Operations Reference (SCOR) model [9]. The life cycle of an object produced 
with AM additives is a sequence of six phases from the procurement of the 
printing raw materials to the disposal or recycling of the material used: (1) 
sourcing, (2) manufacturing, (3) distribution, (4) use or consumption by the 
customer, (5) maintenance or repair, and (6) disposal or recycling at the end 
of use.  
 
 
 
Figure 1: Life cycle of an additively manufactured object. 
In the second step, the activities in each life cycle phase were examined with 
regard to cause-effect relationships. A literature analysis was used to identify 
potential influencing variables. The ecological effects were then evaluated by 
comparing the two scenarios: (1) activities using additive manufacturing 
processes (AM), versus (2) activities using non-additive manufacturing 
processes (e.g. turning, milling, injection molding). Drivers were identified for 
each phase. A driver is any factor that causes a change in the environmental 
sustainability of an activity. The scenario analysis was used to determine the 
direction of influence per driver (promotion versus impairment of the target 
variable ecological sustainability). For example, the number of raw material 
deliveries tends to decrease if a limited number of raw materials for AM (e.g. 
plastic granules) are sourced from a limited number of suppliers, rather than 
a greater variety of individual components from different suppliers in a 
scenario without AM. This reduces fuel consumption and transport-induced 
emissions.  
5 RESULTS  
Tables 1 and 2 structure the identified ecological impacts using AM along the 
entire life cycle of the printed objects. Sourcing (phase 1) in a scenario with 
AM appears to be more environmentally friendly in comparison to a non-
additive production because less different raw materials and supplies have to 
be transported and stored. However, the positive effects in the area of 
transport can be compensated for if the production sites are strongly 
decentralized, resulting in a higher frequency of small transport volumes with 
corresponding fuel consumption and emissions.  
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Manufacturing (Phase 2) includes activities related to the conversion of 
materials or the creation of content for services, also referred to as production 
or manufacturing [9]. In the validation of the sustainability drivers using the 
generic SCOR process model, the sub-processes "manufacturing" and "post-
processing" were identified as key factors for environmental sustainability. In 
summary, there are numerous impacts on environmental sustainability in 
manufacturing. Of particular importance is the fact that less material is used 
compared to scenarios with subtractive manufacturing processes, such as 
milling or turning. However, there are compensating effects that have a 
negative impact on sustainability, such as waste from finishing operations 
such as surface treatment and harmful emissions during printing. The degree 
of environmental impact depends significantly on the geometry of the object 
and the usage of raw materials and the AM technology used. If production is 
highly decentralized, an increase in energy consumption and waste could 
arise, especially if the production is conducted at home by laypersons.  
Distribution (Phase 3) comprises the logistical activities related to the 
fulfillment of customer orders [9]. When analyzing the impact on 
environmental sustainability, the most positive impacts were attributed to the 
"warehousing activities" and "shipping" sub-processes of the SCOR model. 
These are mainly due to lower fuel consumption during transport and lower 
inventories. However, this is compensated for by negative offsetting effects, 
in particular emissions caused by a higher frequency of smaller shipments 
from many decentralized AM machines instead of a central production site. 
This applies in particular to a vision of the future of "desktop factories" for 
private use.   
When used or consumed by the customer (phase 4), the positive ecological 
effects unfold above all in the lightweight construction of the AM objects, which 
is realized by cavities and honeycomb structures of the components. 
Honeycomb structures have the geometry of a honeycomb (columnar and 
hexagonal cells) to minimize the amount of material used, thereby reducing 
weight and material costs. The reduction in weight leads to lower fuel 
consumption and emissions during use, for example when objects are utilized 
in the automotive or aviation industries. In contrast, simple decentralized AM 
can promote the production of more goods than would actually be necessary 
("throwaway culture"). This rebound effect occurs when an expected increase 
in resource efficiency is reduced by the behavior of consumers or other 
reactions of a system [10].   
Use and external influences lead to wear, deformation, defects, etc. in 
components and end products, and thus to a shortening of their lifespan. 
Phase 5 of the life cycle model pertains to all activities related to the 
maintenance, repair, and overhaul of objects. Rapid repair approaches 
support after-sales service in the context of repair (e.g. material application for 
worn components) or the manufacture of spare parts on the basis of three-
dimensional digital data [11]. AM promotes longer lifecycles through the cost-
effective production of spare parts for which there are no longer any sources 
of supply by enabling the reengineering of components using 3D scanning. 
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However, the share of replacement deliveries (swaps) increases compared to 
the share of repairs that tend to be more environmentally friendly, since the 
accessibility of the product decreases when complex geometries without 
mechanical interfaces, as in conventional assembly, are now produced "in one 
go" using AM [8]. 
 
Phase 6 comprises the activities related to the disposal of waste or recycling 
at the end of the life cycle of an object. This includes the collection, processing, 
and recovery or disposal of waste materials from the product in accordance 
with environmental guidelines or legislation. The amount of material used in 
AM is significantly less than in subtractive manufacturing processes such as 
turning or milling. This reduces the amount of material to be disposed of. 
However, the grade purity in waste disposal may be lower, especially for 
hybrid objects in which heterogeneous materials have been fused during 
production, so that they cannot be separated at all or only with great effort for 
reuse. With regard to the toxicity of printing raw materials, the ecological 
effects depend on the material used.  
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Table 1: Positive ecological effects along the life cycle of an additively 
manufactured object. 
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Table 2: Negative ecological impacts along the life cycle of an additively 
manufactured object.  
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6 CONCLUSIONS  
The initial question of this article was what positive and negative influences 
AM has on sustainable production and consumption patterns. This was 
investigated using a qualitative life cycle analysis by comparing the scenarios 
"additive manufacturing processes" to "non-additive manufacturing 
processes". The model developed for this purpose offers a structure for the 
analysis of the general ecological effects of AM. The presented systematics 
of the life cycle phases of a component also supports a company- or 
component-specific evaluation.   
A central finding is that AM offers many opportunities with regard to ecological 
sustainability, in particular by conserving material and fuel resources in the 
production and distribution of goods. Digital technology can make a 
contribution to achieving the SDG's twelfth goal, the sustainability of 
consumption and production. However, the positive effects of the use of AM 
are also offset by ecological risks, especially in the life cycle phases of 
production and disposal or recycling (see Table 3), which vary depending on 
the area of application and printing process.  
Table 3: Overview of the opportunities and risks of AM relative to the sub-
goals of SDG 12.  
Sub-goals of SDG 12 Chances Risks 
Conserving resources Fewer transports and 
inventories; less material 
usage; 
reduced weight per 
component due to 
honeycomb structures  
A large number of 
decentralized printers; 
rebound effect  
Avoiding waste Material efficiency; 
less cuttings 
More waste  
Sensible handling of 
residual materials 
Reuse of manufacturing 
residues   
Impaired recyclability  
Sensible handling of 
chemicals 
New, less polluting 
printing materials  
Avoidance of 
environmental standards 
through decentralized 
production;  
environmentally harmful 
printing materials  
 
 
 
Various further developments of the model offer foundations for further 
research: gaps in the methodology can be closed, quantitative life cycle 
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analyses and industry- and application-specific aspects can be supplemented. 
The model has yet to be tested with regard to its contribution to problem-
solving in practice. In terms of the application in a company, the focus can be 
placed on a specific printing process in combination with a specific product 
group.  
The strength of the global environmental impact will result primarily from the 
development of the share of AM in industrial series production, which is 
currently relatively low compared to non-additive manufacturing methods such 
as milling or drilling. It is necessary for regulatory policy to define measures to 
exploit the opportunities offered by the positive effects of this technology on a 
broad basis. It is also important to reduce the risks that inhibit the UN's twelfth 
Sustainable Development Goal: sustainability of consumption and production. 
These measures can be developed in future research designs. On the one 
hand, there will be further technological developments, e.g. with regard to 
energy efficiency and recyclability of printing raw materials. On the other hand, 
society's management of AM processes in both the industrial and private 
sectors must be addressed. Examples include information campaigns and 
guidelines for the sustainable use of the technology. In addition to the 
ecological effects, the social aspects of sustainability can also be highlighted. 
For example, the impact of technology on employees' qualifications and work 
content needs to be examined. The economic effects on globalized markets 
also offer a basis for further research. WBGU warns that "rapid digitalization 
[...] could jeopardize the integration of developing countries and poor 
population groups in into the global economy.” [2]  
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DIAGNOSIS OF CENTRIFUGAL PUMP PROBLEMS FOR 
IMPROVING THE LIFETIME OF PROFESSIONAL APPLIANCES 
F. Burlon, M. Simonato, R. Furlanetto, M. Kjuder  
The Research Hub by Electrolux Professional, Pordenone, Italy 
Abstract 
In professional appliances, centrifugal pumps drive the fluid and produce the 
energy necessary for removing the soil. The processed fluid is a solution of 
water, soil, and detergent. A professional appliance needs to be sustainable 
for the environment also for what concerns the cleaning cycle. The cleaning 
process is guided by the temperature, the chemistry, the mechanics and the 
time. In order to improve the sustainability of the washing process reducing 
the chemistry, the time and the water needed for the cleaning operation, it is 
necessary to increase the mechanical action. Mechanical action can be 
improved acting on the pump working conditions. The optimization of the 
washing performances necessitates an investigation on the possible 
drawbacks as the cavitation inception and the durability of the pump that affect 
the product life-time. In particular, temperature and chemistry influence the 
life-time of the pump, the pump performances, and the cavitation inception. A 
non-intrusive method, based on the analysis of vibrations signals has been 
developed to diagnose when the pump starts to degrade but also when 
cavitation is starting to incept. Sustainability and product life cycle have been 
guaranteed by means of special control strategies. This solution is capable to 
ensure the efficiency, the performances and the reliability of our appliances.  
Keywords: 
Sustainability, Life cycle, Washing processes, Centrifugal pump. 
1 INTRODUCTION 
The cleaning of the dishes is a daily activity in restaurants all over the world 
that involves a lot of energy, water, and chemistry. In periods where the energy 
costs are increasing, professional consumers are attracted by energy-water 
and chemistry efficient professional appliances because they reduce the costs 
in everyday use and they improve environmental sustainability.  
In particular, during the whole life cycle, professional products have to 
guarantee sustainable performances. A chemical engineer from Henkel, 
Herbert Sinner, outlined the four basic factors of a cleaning process: chemical 
action, temperature, mechanical action and time. In a cleaning scenario, the 
four cleaning factors can be manipulated such that, increasing one factor 
allows the decreasing of the other three factors. A good combination of the 
cleaning factors permits to have good washing performances supporting 
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sustainability improvements. The current tendency is to increase the 
mechanical energy, acting on the pump performances within short washing 
cycles conducted at low temperatures [1]. The increase in performances 
affects the durability of the components and the product lifetime. A change in 
the pump performances could lead to a risk of cavitation inception. Cavitation 
causes wear of the pump resulting in the break of the pump. Clearly, this 
affects the whole life cycle of the professional appliance. The scenario is even 
more complicated because these pumps process a solution of detergent and 
soil in water. Also, a cleaning product is a mixture of surfactants, alkalis, acids, 
builders and other substances that affect the material durability on the pump 
and the solution properties in various manners. Two main different studies 
were carried on in order to study the pump life cycle and to find an indicator 
when the pump is starting to degrade or it incurs in cavitation inception. These 
studies are part of broad research on the sustainability and product life cycle 
improvements of the washing processes, on the professional appliances. 
2 MATERIALS AND METHODS 
2.1 Sustainability analysis: the Sinner’s circle 
In this period, sustainable projects and products are a top priority for the 
industries. A sustainable approach is necessary during the process for 
developing a new product, in particular for what concerns the environmental 
sustainability. Our study considered the application of the sustainability 
approach to the development of a new washing system for a professional 
appliance. In a sustainable product development team, the main participants 
are the designers. The role of the designer is to optimize the energy 
consumption, the chemicals released in the environment, and the material 
used. Durable components should always be used in order to reduce dismiss 
and wastes. As introduced before, Sinner’s Circle describes the main factors 
that are present in a cleaning process and that can be manipulated in order to 
optimize the cleaning process. The four main cleaning factors are: chemistry, 
mechanics, temperature and time. Recently it was added a fifth factor: the 
consumption of water. A summarizing classification table of the energy 
involved in the washing process is presented in Tab.1 [1]. 
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Table 1. Classification of the energies involved in a warewashing process [1]. 
Energy Vector Details 
Mechanical  
(kinetic 
energy) 
Spray arm 
nozzles 
Water flux and pressure influence the 
quantity of soil removed from the 
substrate. 
Thermal 
energy 
Hot water High temperature influences the 
chemical hydrolysis and the subsequent 
soil removed from the substrate. 
Chemical 
energy 
Detergent 
chemistry 
Soils (proteinaceous, fatty soils, colored 
stains) are denatured and degraded by 
the action of detergents combined with 
the thermal energy in a way that they 
can be then removed and washed.  
 
 
 
Chemistry consists of cleaning detergents which reduce the surface tension 
of water and emulsify oils and grease. Mechanical action is supplied by the 
pump such that the pressure removes the soil. Temperature allows detergents 
to act at their best conditions since it increases the kinetic energy of 
surfactants ion. Time is fundamental to allow the other factors to carry out their 
action. Water dissolves the dirt and many compounds and carries the residual 
of detergent and soil to the outlet. An optimal cleaning is given by the sum of 
the first four factors which has to be 100% while the water consumption must 
be as little as possible. Since the proportion of each factor may vary, it is 
possible to pursue other objectives while maintaining the cleaning action as 
the main one. In this way, a more sustainable wash can be performed reducing 
the cleaning time (energy consumption), the chemicals and the temperature. 
A reduction of cleaning time is fundamental to decrease the energy 
consumption; therefore, the action of detergents is too short to allow them to 
have a serious effect. Even the most eco-friendly and greenest detergent has 
effects on the environment, so the chemistry must be reduced. On the other 
hand, a decrease in temperature guarantees lower energy consumption and 
improves the life of the pump. According to the Sinner's circle it is necessary 
to increase the mechanical contribution in washing. This process is 
represented in the following Fig.1 [2] where, in the left, is presented a Sinner 
circle where every factor is distributed proportionally, instead, in the right, the 
mechanical action is enhanced compared to the other factors. This can be 
done by changing the working point of the pump, increasing the flow rate such 
that, with the same section of the jet, the speed of the fluid is enhanced. In 
this way, the dynamic pressure, which improves the washing action, is 
increased. A reduced tank level with an increased flow rate leads to a greater 
risk of cavitation that impacts the lifetime of the pump. 
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Fig. 1: Sinner circle [2]. 
2.2 Product life cycle: the flow loops 
Product lifecycle management controls all the business activities but also 
optimizes the company products across their lifecycles. It manages all the 
activities from the very first idea for a product to its retirement and disposal. A 
product has to be managed along the whole life in order to verify that 
everything works well and that the product is rewarding for the company and 
meets the customer needs. Furthermore, during its usage, a product needs to 
be correctly maintained when is present on the market and during the disposal 
time [3]. In the product development process, in order to study the product life 
cycle, the main failure modes of the washing cycle of a professional appliance 
have been simulated by means of two test rig. 
One test rig was used for characterizing the cavitation and the other for 
characterizing the product life when the pump is processing a solution of water 
and detergent. For both conditions, it was decided to search a possible sensor 
indicator that could be implemented on a real appliance in order to prevent the 
failure mode. The test rigs have been developed with reference to ISO 
9906:2012 standard [4] and literature suggestions [5], [6]. 
They allow measuring the characteristic curves and NPSHr (Net Positive 
Suction Head Required) of different pumps, with various fluids (e.g. water - 
polymers solution and detergent at different concentrations). The NPSHr is a 
parameter that identifies the minimum pressure allowed at the suction of the 
pump for avoiding cavitation. The pump is installed in a closed circuit, as 
presented in Fig.2. In the NPSHr test, the fluid flow is fixed and the NPSHa 
(Net Positive Suction Head Available) is progressively reduced. The NPSHa 
is a measure of the pressure head at the suction minus the vapor pressure of 
the liquid. Such reduction in the NPSHa is achieved acting on the pressure of 
the free surface level in the tank until a specific value of pressure is reached. 
In this plant, it is also possible to induce cavitation at a fixed fluid flow by 
changing the water temperature by means of two electric resistances. 
The tests have been performed at a fixed rotation speed of the pump (2900 
rpm). A 3% head decrease at a certain fluid flow has been considered as 
cavitation signal. The tank is designed to avoid inclusions of gases in the 
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suction of the pump. Inside the tank are installed two calm screens, a spray 
nozzle device and the connection to a vacuum pump. The fluid-free surface 
pressure is measured with a vacuum-pressure gauge. Two relative pressure 
transducers by Trafag are positioned at a distance of two diameters from 
suction and outlet sections of the pump (symmetric uncertainty on the 
confidence level of 95 % is 0.002 bar, precision 0.15% on full scale). The 
aspiration transducer has a measurement range of ±1 bar (power supply: 24 
V-DC, signal output: 4-20mA) instead the pressure transducer at the delivery 
has a measurement range between 0 bar and 2.5 bar (power supply: 24 V-
DC, signal output: 10 V-DC). The pump flow rate is measured with an 
electromagnetic flowmeter provided by Endress Hauser (power supply 230 V-
AC, output signal 4-20mA, error 0.5% on the read value). Flowmeter 
measurements accuracy is reached positioning the flow meter after ten 
diameters from the pipe curve and at five diameters from the branch to the 
deaeration nozzle. The flow rate regulation is obtained by throttling the valve 
2 in Fig. 2 installed in the discharge pipe. A twelve diameters length straight 
transparent Plexiglas pipe is installed at the suction side of the pump, for 
reaching a uniform distribution of velocity and pressure. The transparent pipe 
is used for visualizing the fluid in cavitation conditions. The temperature of the 
solution in the tank is measured with a Pt100 (symmetric uncertainty on the 
confidence level of 95 % is 0.2 °C, measurement interval is – 50°C - 600 °C) 
and a K thermocouple is used for monitoring the resistance temperature. All 
the measurements are acquired by means of a LabVIEW® controlled N.I. 
CompactRIO® system and the data are then processed with MATLAB® codes. 
A Yokogawa digital power meter is used for measuring the electric parameters 
(accuracy ± 0.1% in reading, + 0.05 of range). [7] 
 
 
 
Fig. 2: Test rig functional layout [7]. 
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3 RESULTS AND DISCUSSION 
3.1 Cavitation 
Cavitation is a common problem in most industrial processes. Without proper 
control, it can result in equipment damage, that impacts the product life cycle. 
An experimental analysis was carried out on the dynamic behavior of a pump 
going from normal conditions to cavitation. These transient conditions present 
different behaviors depending on the pump operating point (fluid flow), type of 
cavitation and vibration signals are affected by the distinct cavitation 
behaviors. In order to detect cavitation, vibration measurements have been 
carried out at a sampling frequency of 25600 Hz. The position of the 
accelerometers on the pump case is presented in Fig. 3. Two of them are 
positioned in radial directions (Z- and Y-axes) and one is positioned in axial 
direction (Z-axis).  
 
 
 
Fig. 3: Accelerometers positions. 
An overview of the power spectrum at different NPSHa (test at 500 l/min), for 
the accelerometer positioned in the Z-axis, is presented in Fig. 4. As a whole, 
the vibration spectrum amplitude gradually increases with the decrease of 
NPSHa and at the same time, the fluctuations of the signal gradually increase. 
In non-cavitating regime (up to NPSHa = 5.55 m in the Z-axis) the spectrum 
has predominantly low-frequency components (the shaft and blade 
frequencies and their harmonics in the signal) in comparison to the cavitating 
regime. The fact that in cavitating regime the signal is more prosperous in 
frequency components is explained in [8]: in cavitating regime, the pump is 
processing a multiphase flow and the blade rotation disturbs both the liquid 
and vapor phases. The compressibility of the vapor bubbles amplifies the 
disturbance, and the result is a higher level of vibrations spectrum, such that 
the structure resonances of the pump are excited. In our experiments, we 
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analyze the frequency range between 10 and 12.8 kHz. Frequencies before 
10 kHz increase along all the test while frequencies between 10 and 12.8 kHz 
increase only after a certain NPSHa value. This confirms that cavitation 
inception, before the total head decreases significantly, could be determined 
analyzing the energy signal in this range [9, 10, 11].  
 
 
  
  
  
Fig. 4: Power estimation at different NPSH steps – Z-axis. 
The Mean Square, that is the energy of the signal is defined as the integral of 
the Power Spectral Density (PSD) as represented in the following Eq.1.  
𝑀𝑆 = 𝐸𝑛𝑒𝑟𝑔𝑦 = ∫ 𝑃𝑆𝐷(𝑓)𝑑𝑓
𝑓2
𝑓1
 (1) 
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Where f1 and f2 represent the range of frequencies considered for the 
integration. In Fig. 5 is represented the MS (Mean Square) in the frequency 
range 10 – 12.8 kHz. Cavitation inception can be diagnosed when there is a 
slope change in the signal at an NPSHa of 5 m. Vibration assumes a maximum 
at 1.24 m [9]. In this point, cavitation can generate a fast erosion [9]. The 
decreasing trend after 1.24 m of the vibration energy is due to the 
compressible multiphase flow [9]. With this methodology has been possible to 
identify cavitation inception and a controller has been developed in order to 
improve the pump life cycle. The detection is a threshold-based, acting on the 
vibration energy value for the Z-axis. The controller acts on the pump speed, 
reducing the speed when cavitation occurs. Indeed, by decreasing the pump’s 
rotational speed, the kinetic component of the total pressure decreases and 
the static component increases above the vapor pressure [12]. In Fig.6 is 
presented the controller where it is possible to highlight its capability to exit 
from cavitation conditions but also to return to its nominal value when the tank 
pressure is increased [12]. The threshold value is represented by a dashed 
line. This control system allows operating the pump in normal conditions 
avoiding exiting from cavitating conditions and improving the life cycle of the 
pump. [12] 
This process automation is fundamental because during the component life it 
can incur in abnormal conditions that could lead to the breakage of the 
component. With this system, it is possible to optimize the component 
lifecycle. 
 
 
 
Fig.5: Z axis MS – Frequencies 10.0 and 12.8 kHz (500 l/min).  
Critical 
vibration point 
Cavitation  
inception 
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Fig. 6: Cavitation control system. 
3.2 Life Test 
A life test has been organized, in order to study the pump behavior in terms 
of the durability of the component, when is processing continuously a solution 
of water and detergent. Detergents used for professional cleaning processes 
need a stronger and more active formulation with respect to those used in 
domestic appliances because less contact time between soil and detergent 
solutions is required to reach a certain cleaning aspect. They are highly 
alkaline to obtain a good efficiency of soil removal. This aspect impacts the 
product lifetime because the detergent is highly corrosive and it could 
deteriorate the mechanical parts of the pump as the mechanical seals that are 
made in elastomer. The high fluid temperature (70°C) also impacts the pump 
degradation. Both aspects cause the pump breakage and the subsequent 
leakage. The main aim of the test has been to find an indicator that can 
diagnose pump degradation in its early stage by measuring the vibration 
signals. This is performed in order to characterize the deviation of the signal 
behavior of the component from the normal functioning conditions. As soon 
as the detection is performed, replacement action can be performed on the 
component. This threshold indicator would be implemented in the cavitation 
control logic that has been presented in the previous paragraph.  
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Four accelerometers have been fixed on the pump as presented in Fig. 7. Two 
of them have been put on the volute in the two radial directions while the other 
two have been placed on the case of the electric engine. The four 
accelerometers measured four signals called “X”, “Y”, “Z”, “M” respectively. 
Moreover, the following parameters have been measured: fluid flow rate, 
pressure at the suction and the discharge, room temperature and fluid 
temperature, tension, current, and electric power absorbed. Measurements 
have been acquired at 25600 Hz, for one minute, every fifteen minutes during 
the whole test. The test has been performed at a flow rate (30,5 l/min), with a 
mixture of 65g of detergent per liter of water at 70°C. 
 
 
 
Fig. 7: Position of the accelerometers. 
During the test, the pump started leaking copiously after about eight days. 
Analyzing the four RMS signals of the accelerometers we found an increase 
of all the value from the 787th acquisition. 
The last acquisition measured was the 797th. Vibration signal diagnosed the 
pump leakage 3 hours in advance. In particular, in Fig. 8, is presented a 
picture of the whole life test where the “M accelerometer” had an increase of 
the RMS signal over 3g.  
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Fig. 8: RMS of the M accelerometer signal. 
After the test, the pump was disassembled. In Fig. 9 is presented the damaged 
seal positioned between the impeller and the volute that caused the pump 
leakage. 
 
 
 
 
Fig. 9: Damaged seal. 
Diagnosis of Centrifugal Pump Problems for Improving the Lifetime of Professional Appliances 
88 
4 CONCLUSIONS 
The presented research shows that there is a need for developing a 
professional appliance that fulfills the sustainability and life cycle purposes. 
In order to fulfill the sustainability purpose, an analysis on the washing cycle 
parameters has been performed. It shows that the environmental impact of 
the washing cycle could be improved by increasing the mechanical energy on 
the washing process and decreasing the temperature, the chemistry and the 
time of the washing cycle. The main failure modes impacting on the pump life 
cycle have been analyzed by means of two test rigs in order to find a 
diagnostic signal and to develop a control strategy that avoids cavitation and 
pump break down.  
Cavitation signals have been processed, considering the MS at high-
frequency ranges, instead for detecting the pump break the RMS of the whole 
signal has been used. Vibration signal analysis allows identifying cavitation 
inception, avoiding the risk of operating the pump in severe abnormal 
conditions. During the continuous life cycle test the pump damaged in a short 
time. Accelerometers signals do not show an increasing trend before the 
pump damages. Three hours before the pump breakage, the accelerometers 
signals identified an abnormal condition on the pump. These results on the 
diagnostic degradation indicator are quite promising but they need to be still 
confirmed by more experimental test. Such information will be added to the 
control and monitoring algorithm for avoiding cavitation inception and ensuring 
the safe operation of the professional appliances increasing the pump 
component life cycle and the sustainability of the washing process. 
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Abstract 
The worldwide economic crisis started in 2007 has involved almost every 
production sector and has had a higher impact on companies that were 
located in particular areas, such the mountainous ones, and on those activities 
that involved quite an obsolete process and technology. 
Searching new solution for saving the activity could also consider a total 
change for the company and its transformation to an energy generator plant, 
which would use local biomass to produce electric energy and hot water. This 
kind of intervention can be a good opportunity, especially if also public 
incentive is available. 
This research starts from a previous one, which considers such a situation for 
a company located in Carnia (Italy northeast) and verifies the solutions found, 
considering the variation of the public incentives. 
The old solutions are no more effective, due to the lack of incentive for the 
electric energy generation, but the improvement of the thermal section of the 
proposed plant reveals still an economic advantage and an important impact 
to the reduction of CO2 emissions. 
Keywords: 
Heating network, Cogeneration, Wood chips, Sustainability 
INTRODUCTION 
Global economic crisis, which started in the U.S.A. in 2007, has produced a 
serious financial crisis, which is persisting and causing a recessionary spiral 
that has involved almost every industrialized country. Italian Gross National 
Production and Industrial Production in the years from 2000 to 2017 were 
strongly conditioned by this situation and reached their lowest values between 
2013 and 2015. 
This global situation has led many Italian companies to an irreversible crisis, 
which has involved the production sector as a consequence of the economic 
problems. As in a whirlpool, the combination of these two aspects has reduced 
the possibility of redevelopment, also because for many years the market has 
remained stagnant. 
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To these problems, the specific difficulties related to the territories must be 
added and this worsens the situation for the activities located in particular 
areas, like those mountains. 
Several similar trends interest mountainous areas of Italy, despite they have 
different development, income levels, and quality of life. These trends have 
different intensity, especially related to area altitude, but reveal a common 
evolutionary process that involves the displacement of human, economic, and 
cultural resources from mountainous areas to lowland and bottom valley 
territories. If market forces control the phenomenon, these trends tend to 
persist and even intensify over time. 
Due to these different aspects, the choice of the right intervention to improve 
productivity or to save the activity can be really hard and sometimes it can 
also lead to a modification of the industrial sector of the company. 
Different kinds of requalification are possible, and interventions can be more 
or less important, both economically and productively. If the existing reality is 
technologically obsolete, one good opportunity can be the exploitation of the 
existing areas and buildings for new energy generation systems. The 
goodness of such intervention is greater if it foresees the exploitation of 
renewable energy sources, like biomass, which can easily be found in the 
mountainous areas. 
These interventions must consider the Kyoto Protocol, the Climate-Energy 
Package 20 20 20, and the COP 24 Conference, which have set the goal for 
Italy for 2030 (Integrated National Energy and Climate Plan 2019): 
1. a share of energy from renewable sources (RES) in gross final energy 
consumption of 30% of which for heating and cooling +1.3% annually 
compared to 2020; 
2. a reduction in primary energy consumption compared to the PRIMES 
2007 scenario of the European Community of -43% and savings in final 
consumption through mandatory energy efficiency schemes of -0.8% per 
year; 
3. reduction of greenhouse gases compared to 2005 for all non-ETS 
(Emission Trading Scheme) sectors of -33%. 
 
To achieve the goals above mentioned, the Italian government has adopted 
different solutions, which are changed in the years, with many effects on the 
choices of business owners that want to invest in this strategic sector. 
The D.M. 18/12/2008 established an all-inclusive tariff effective for 15 years 
and equal to 280 €/MWh for small plants of electric energy production fed by 
renewable energy sources (under 1 MW), which would have started to operate 
after December 31, 2007. The D.M. 06/07/2012 confirmed that kind of 
incentives for new plants fed by biomass and that would have started to 
operate after December 31, 2012, but changed the duration, set at 20 years, 
and the value, equal to 185 €/MWh. The D.M. 23/06/2016 allowed similar 
incentives for small plants that would have started to operate by December 
31, 2017, after which date small power plants were no more incentivized, even 
if there were some extensions, decided year after year. Currently, incentives 
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for biomass plants related to the electric energy produced are no more 
available, even if the politic discussions about are still opened. 
Regarding the exploitation of biomass, which includes wood, in years between 
2008 and 2016, two different incentives were available, The first one was the 
White Certificates, which involve a reward for the equivalent fossil fuel saved 
with the new plants; the second one gave a certain amount for each unit of 
electric power produced during the first 20 years of use of the plant. 
After 2016, incentives to the electric energy produced were no more available 
and this has completely changed economic and financial scenario for this kind 
of investment. Since costs associated with this kind of plant, even associated 
with district heating, are generally higher than those using fossil fuel [1], deep 
economic feasibility is mandatory to perform a correct evaluation of the 
investment. 
On the other hand, this kind of plants has relevant advantages on the 
environmental impact [2, 3] and this is the reason of the public incentives, 
even if the political approach to the problem is not stable, at least in Italy, and 
so evaluations based on those aids are not reliable. 
This paper analyzes this kind of investment for a company that before 
produced components for chairs, recycling plastic material coming from 
different sources. Economic and production situation was not such as to 
allows to redevelopment in other similar activities, while the space available 
in the shed and its location were suitable for energy production fed by timber 
biomass. 
The research highlights the weight of public incentives but also the importance 
of a precise design of generators' size to maximize the plant performance. 
FEASIBILITY ANALYSIS UNDER OLD INCENTIVE SCHEME 
Previous research has investigated the possibilities of exploitation of wooden 
biomass in Carnia to energy production, both electric and thermal. Speaking 
about district heating networks and exploitation of natural resources like wood 
one of the most important aspects to evaluate is the choice of the right position 
where to install the plant. 
Different aspects must be considered: timber available and its dislocation on 
the area and possible layout of the pipe network, which is related to the 
positions of the existing buildings. Geographical Information System (GIS) and 
Database Management System (DBMS) are two useful tools to collect and 
elaborate information to complete the task. 
According to [4], an investigation with GIS technology is useful to investigate 
possible alternative interventions that can improve the area exploitation, also 
with a new type of activity. 
That research evaluated three different alternatives considering technical, 
economic and environmental feasibility: 
1. district heating of existing public buildings and private with installed power 
greater than 116 kW (using existing data) 
Redevelopment of a Production Activity in an Energy Generation Plant Powered with Wood 
Biomass 
94 
2. district heating of existing public and all private buildings (power required 
evaluated by volume and statistic specific data) 
3. district heating of existing public, private and industrial buildings. 
 
Every alternative considers a co-generation plant, which first produces 
electrical energy by a superheated water turbine and then uses residual 
thermal energy for the district heating. 
Technical feasibility [5] considers different aspects to determine the 
characteristics of the plants, like the input and output water temperature, the 
length of the heating network, and the numbers of daily functioning hours of 
the different users. 
Maximum power available is a function of the biomass available in the nearby 
of the plant, which means it is not further than 80 km from the factory, 
according to [6]. 
The study about biomass availability shows that the area produces about 
15,906 m3 of retractable biomass, which corresponds to 13,800 t/year [7], but 
only 12,463 t/year is still available since an existing plant uses the other part. 
The calorific value of wood is about 3.4 kWh/kg (hardwood) and this means 
that a cogeneration plant with a power of 4 MW consumes 10,108 t/year of 
wood and generates 999 kWe (electric power). 
Table 1 shows the power required for the three different alternatives and the 
energy consumption foreseen. 
Table 1: Power and heating requirements. 
Different duration curves, which represent how many hours a certain value of 
power is required, allow determining also the power of integration boilers, 
which have to help the main plant when necessary. For all three alternatives, 
three boilers with a power of 9 MW each are considered. 
After the technical verification of the different possibilities, the research 
performed the economic feasibility analysis, to discover the best solution. 
The economic analysis of the investment was based on the Net Present Value 
method (NPV), which consider positive and negative cash flows for each 
period on the investment and overall duration of 20 years. 
Among the positive cash flows are considered also two different kind of public 
incentives: the first one is related to the production of electric energy and was 
equal to 185 €/MWh for the first 20 years, while the second is related to White 
 
POWER REQUIRED 
[MW] 
HEATING 
REQUIREMENTS 
[MWh] NOMINAL DESIGN 
ALTERNATIVE 1 26 21.6 22,491 
ALTERNATIVE 2 21.9 18.1 24,467 
ALTERNATIVE 3 28.5 23.6 30,703 
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Certificates (TEE), which were equal to 106.39 euros for each TEP saved 
compare to the previous situation. 
The results obtained (Table 2) shown that the third alternative was that with 
the best performance, with a positive value of 8,157,512 € and a recovery 
period of the investment slightly above 10 years. 
Table 2: Economic and environmental results. 
Environmental sustainability was also performed for each different 
alternatives and for the third one report a CO2 production of about 1,864 t/year, 
while the CO2 due to the existing plants (many and of little size) is about 
7,737 t/year, which means a possible reduction of about 5,873 t/year. With the 
new plant, the emissions are concentrated in a small area, where the plant is 
installed, but if its distance from town allows a good dispersion of the 
pollutants, the air quality of the town improves. 
FEASIBILITY ANALYSIS UNDER NEW INCENTIVE SCHEME 
Changes of public incentives in the energy sector involve different 
considerations about the benefits related to them and this can completely 
change previous results. 
 
 
INITIAL 
INVESTMENT 
NPV 
AFTER 20 
YEARS 
PAYBACK 
PERIOD 
CO2 
SAVING 
M€ M€ years t/year 
ALTERNATIVE  1 -5.674 -3.634 > 20 4,331 
ALTERNATIVE  2 -6.013 -0.176 > 20 4,818 
ALTERNATIVE  3 -6.113 8.158 10 5,873 
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Figure 4: NPV for cogeneration plant in different years. 
The analysis is concentrated on the third alternative of the previous research, 
the best one, to understand if it is still a good option or if it is necessary to 
change something. 
Figure 4 shows different NPV analysis for the cogeneration plant in different 
years: 2014 and 2019. Nowadays this kind of intervention is no more 
advantageous due to the high cost of the sector necessary to the electric 
power generation and so the research is focused on the complete exploitation 
of the wooden biomass available for the district heating network. 
The first economic test, the NPV method apply again without the cogeneration 
system, reveals the good opportunity of this kind of intervention, as shown in 
Figure 5, where are plotted two curves: one for the value of the White 
Certificates equal to 260 €/TEP (June 2019, [8]) and one without any 
incentive. 
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Figure 5: NPV for only district heating network - no cogeneration. 
 
Figure 6: Energy consumptions for heating purpose.  
Starting from this overall economic valuation, which is based only on energy 
and power values and does not consider any specific aspect related to the 
plant configuration, a further study to find the best solution for the heating plant 
is performed, especially to evaluate the right size of the biomass energy 
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generators, considering the energy consumption profile [6], in this case, 
related to the required energy for heating purpose of the buildings present the 
area. 
Temperature data collected in the last 10 years from the local environmental 
agency (ARPA, [9]) are been used to determine the Duration Curve, which 
indicates the required energy for heating purpose, Figure 6 shows the energy 
consumptions for heating purposes in the years between 2006 and 2017, in 
which the mean value is equal to 53,112 MWh. 
The total power requested by the district heating in design condition is equal 
to 23.6 MW, considering the design outside temperature equal to -12 °C. 
Power level required from the network in real condition, during a heating 
season, are evaluated comparing the design temperature with the real ones 
measured in the last years, between 2006 and 2017. Then the corresponding 
Duration Curves are plotted and the total energy consumptions are evaluated. 
Figure 7 shows results for years 2010, 2014, and 2016 in which respectively 
the minimum, maximum, and mean energy consumptions are recorded. 
 
 
 
Figure 7: Duration curve. 
The research concentrates on the year 2016 and evaluates the power that 
must be added for the hot water production for hygienic and sanitary purpose. 
The estimation of this value considers numbers of citizens (2200), a mean 
water consumption (80 dm3 for person) and the inlet and outlet water 
temperature (5 °C and 48 °C). These considerations lead to a power of about 
560 kW dedicated to the sanitary hot water production. 
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The new duration curve is shown in Figure 8, where are also reported the 
curves related to three different sizes of the biomass fed generator, chosen in 
such a way that all the available wood is used each year. 
 
 
 
Figure 8: Duration curve and heating generators. 
Three different nominal power are considered, equal to 6, 8 and 10 MW. The 
biomass boiler works in each case for about 90% of the time at nominal power 
and then this parameter does not seem to be useful for the choice of the best 
size, while the daily utilization of wood could be more relevant. 
Indeed, to feed the boiler of 10 MW needs about 72 t/day of wood chips, which 
corresponds to about 288 srm/day (considering the weight of an average 
loose cubic meter of wood chips equal to 250 kg). With the smallest boiler, 
these values decrease to about 43 t/day and 173 srm/day and this must be 
carefully evaluated considering how much space must be available to 
efficiently stock enough wood chips during the heating season. 
The cost of the generator is also related to its size and so the smallest one 
seems the best option and is considered in the future step of the research, 
which focus on the integration generators necessary for complete the heating 
plant. 
Total power required by the network is equal to 23.6 MW, 6 of which are given 
by the biomass boiler. The remaining 17.6 MW must be provided by other 
boilers fed with other fuel. 
The duration curves suggest that one of these integration boilers can have a 
power of 6 MW because it has to feed the network when a low power level is 
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required, like in the hot season, when only hot water for sanitary purpose is 
requested. 
This power level can be chosen also for other 2 boilers for a total power of 24 
MW with a high level of fractioning, which involves a good overall efficiency. 
The evaluation of environmental sustainability leads to the same value of 
reduction of CO2 production for the different size of biomass fed generators. 
Indeed the design foresees the total consumptions of wood available, which 
involves the same results given by the following expressions: the first for the 
new district heating network (integration plant included [10]) and the second 
for the traditional one already used. 
𝐸𝐶𝑂2,𝑦 = 𝐹𝑒,𝑏𝑖𝑜 ∙ 𝑒𝐶𝑂2,𝑏𝑖𝑜 + 𝐹𝑒,𝑚,𝑖𝑛𝑡 ∙ 𝑒𝐶𝑂2,𝑚,𝑖𝑛𝑡 + 𝐿𝑎𝑣 ∙ 𝑛𝑎𝑣 ∙ 𝑒𝐶𝑂2,𝐿 
𝐸𝐶𝑂2,𝑦 = 𝐹𝑒,𝑚 ∙ 𝑒𝐶𝑂2,𝑚 
𝐹𝑒,𝑏𝑖𝑜= annual energy requirement supplied by the cogeneration plant fueled 
by wood biomass (kWht); 
 𝑒𝐶𝑂2,𝑏𝑖𝑜= specific CO2 emission from cogeneration plant fueled by wood 
biomass =16 g/kWht [11]; 
 𝐹𝑒,𝑚,𝑖𝑛𝑡 = annual energy requirement provided by the supplementary plant 
fueled with methane (kWht); 
 𝑒𝐶𝑂2,𝑚,𝑖𝑛𝑡 = specific emission of CO2 from an additional methane-fueled plant 
= 124 g/kWht [8]; 
 𝐿𝑎𝑣 = average transport length (going and return) = 70 km; 
 𝑒𝐶𝑂2𝐿 = specific CO2 emission from heavy vehicles with 3 axles for a 
maximum weight of 24 t gross of the vehicle weight of 4.5 t Euro 
III/1999/96/EC [www.arpa.emr.it] = 1.020 g/km; 
 𝑛𝑎𝑣= average number of transports per year of woodchips = 316; 
 𝐹𝑒,𝑚 = annual energy demand required by buildings (kWht); 
 𝑒𝐶𝑂2,𝑚= specific CO2 emission from methane-powered boilers of buildings = 
252 g/kWht [11]. 
 
In the examined situation the values of energy consumptions are: 
Fe,bio = 34,367 MWh 
Fe,m,int = 23,280 MWh 
These involve the overall saving of CO2 production equal to 6,416 t/year. 
Table 3: Design solution. 
BIOMASS BOILER 
POWER 
DAILY WOOD 
CONSUMPTION 
CO2 SAVING 
OPERATING 
TIME 
MW t  t/year Hours/year 
6 43 6,416 5,280 
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CONCLUSION 
The relevant influence of the public incentives related to the environmental 
goals which every country has to achieve suggests that sometimes, rather 
than an improvement of a production activity, a total change of sector to an 
energy production plant could be a better choice. However, public incentives 
are not related to the market and because of their link to politic strategies, their 
values can vary a lot without any strong bond to the economic situation. 
Investments that consider this kind of incomes must be considered carefully 
and timing can be crucial. 
On the other hand, exploitation of natural resources can help the economic 
activities of certain zones and generally has a great impact on the 
environmental aspect. The importance of the raw material and its location 
involves the analysis of logistic problems related to loading request, storage 
space, and production control and this does not change if talking about energy 
production or manufacturing. Wood chips must be considered as raw material 
while the Duration Curve represents the request production and the problem 
to solve is the choice of the correct size for generators, which play the role of 
the production line in a factory. 
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Abstract 
Analyzing and designing how service is provided to the customer in a 
sustainable supply chain in services is crucial. In this respect, there can be 
barriers to applying sustainable improvements due to regulations, practices 
and customer culture. This study is focused on finding the waste produced by 
the service of one of the biggest Payment Service Provider (PSP) companies 
in Iran to meet essential needs of the sustainable supply chain. It has been 
observed that using thermal papers causes environmental problems and even 
it is hazardous to mix them with normal paper wastes in the recycling process. 
Moreover, preventive maintenance of the thermal printers (PM) itself causes 
a huge number of unnecessary shuttles between the customers and service 
suppliers, which are a source of CO2 emission, traffic – especially in the capital 
– and high costs, related to maintenance, for the company. Each maintenance 
technician is responsible to check the machines in 900 different places (but in 
the same region) once a month. Thermal papers are the only reason of such 
waste; therefore, eliminating waste not only can be beneficial in terms of 
sustainability of the business, but it can also decrease the costs and increase 
the reliability of the service. 
Keywords: 
Sustainable supply chain, Green service, Payment service, Thermal paper, 
Transportation   
1 INTRODUCTION 
The present study is focused on service providing (SP) which can be defined 
as a group of activities performed by a company to satisfy a need for a special 
group of customers or for the public. The key activities in SP companies 
include transport, utility distribution such as electricity and water, consulting, 
legal, real estate, communications, storage, data processing, and financial 
services. The supply chain which enables the provision of a service is a 
crucial issue for SP companies. A sustainable service supply chain (SSSC) 
is a combination of a group of companies utilizing their resources to meet 
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customer demand in an efficient way and right time. In the last decades, 
environmental collaboration has become more popular as a sustainability 
performance enhancement strategy between the companies. Subsequently, 
the concept of sustainability has been introduced in SSSCs. Regarding the 
literature in the service sector, the body of knowledge of the Green Service 
Providing (GSP) is not structured yet. Consequently, there are barriers to 
applying sustainable improvements according to regulations and standards. 
In addition, from the customers’ and managerial perspectives, the 
advantages of programs aimed at introducing sustainability in this field are 
not completely clear. Therefore, the presentation and discussion of case 
studies on SSSC are particularly significant. 
This study is focused on finding the wastes, biohazards and anthropogenic 
functions along providing a service by one of the biggest Payment Service 
Provider (PSP) companies in Iran to meet the essential needs of the 
sustainable supply chain. Regarding the results of the literature review, using 
thermal papers as a biohazardous material causes environmental problems 
and it is even hazardous to mix them with normal paper waste in the recycling 
process. A study by Yaaguby in 2014 [1] estimates that the thermal papers 
which are used in Iran in 6 months could wrap around the earth 9 times. On 
the other hand, using these papers and thermal printers, enforce the 
company to provide maintenance service for the POS machines throughout 
the country. Moreover, the preventive maintenance of the thermal printers 
(PM) itself causes a huge number of unnecessary shuttles between the 
customers and service suppliers mostly by car and motorcycle.  
Saman Electronic Payment (SEP) was selected as the case for this study. 
SEP is ranked 23 in the world and second in Iran regarding the ‘Nilson report’ 
[2] which introduced the world’s top 150 Acquirers in 2017. According to this 
ranking, SEP recorded totally 2.695 million transactions in 2017. Its services 
include e-commerce services, internet payment, POS terminals, payment 
applications and hardware, payment cards and mobile payment. This 
company has about 800,000 POS terminals and each maintenance 
technician is responsible for maintenance and service of about 900 POS 
terminals. As a result, each technician has to check the machines in 900 
different places (but in the same region) at least once a month. The result of 
these shuttles are huge CO2 emission, traffic – especially in the capital – and 
high costs of maintenance for the company. Thermal papers are the only 
reason for these wastes; therefore, eliminating wastes not only might 
increase the efficiency of the sustainability indexes of the business but also 
decrease the costs and improve the reliability of the service.  
2 LITERATURE REVIEW 
2.1 Sustainable service supply chain 
The dimensions of sustainability are the same for all sectors, but the 
operational pillars of a service provider company are widely different from the 
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manufacturing sector, thus requiring ad-hoc studies. A research gap was 
identified by a search in the SCOPUS database aimed to identify the existing 
studies associated with sustainable service providing. The search was limited 
to peer-reviewed papers and the language was limited to English by click-box 
selection in advanced search toolbox of Scopus database. Scopus is selected 
since it is the largest abstract and citation database of peer-reviewed 
literature. The results are shown in Fig.1. The string of the search in the 
database is as follows: 
TITLE-ABS-KEY (("service provider" OR "service providing") AND 
(sustainable OR sustainability OR "Circular Economy" OR "Green") AND 
("supply chain")) 
The service supply chain is the link between the service provider and other 
businesses or end-users. Both the service provider company and customers 
are influencing the characteristics of the service supply chain. For instance, 
if the service supplier is inclined to implement eco-friendly approaches, the 
whole service channel will also become an environmental friendly chain. On 
the other hand, customer behavior could influence the chain. Indeed, the 
consumers’ behavior is a critical issue, which influences the cost and 
performance of the whole process in the service-providing sector [3]. A recent 
study by Pagell and Shevchenko emphasizes all dimensions of sustainability 
in supply chains and highlights the importance of environmental and social 
issues: “Future SCM research will have to treat a supply chain's social and 
environmental performance as equally or more valid than economic 
performance.”[4] 
In sum, even if scholars focused on natural systems and the influence of 
sustainable supply chain [5], the research on the socio-ecological integrated 
system has not been carried out in the service sector as much as in the 
production supply chain. In particular, most of the case studies are limited to 
the last five years. Papetti and colleagues suggested the web-based platform 
as a tool for eco-sustainable supply chain management [6] and Hussain and 
colleagues studied health care service supply chain sustainability [7]. Fig. 1 
illustrates the service supply chain studies trend and this trend disclose the 
nobility of the subject and the necessity of more studies to find the gaps and 
improve the sustainability in the service supply chain. 
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Figure 1: Recently published documents on the service supply chain. 
Figure 1 reveals that only 91 journal papers and 31 conference papers related 
to the sustainable service supply chain have been published since 2002. This 
fact raises two questions: does the service supply chain need to be eco-
friendly? Are the environmental and social dimensions in the service supply 
chain worth investigating? To answer these questions a case was selected in 
the service-providing sector to study the wastes, environmental factors and 
social aspects of supply chain beside the economic factor. 
2.2 Payment service provider 
The main activity of a payment service provider (PSP) is selling and buying 
for the end-users. This service was studied in detail by O'Mahony in 1997 [10]. 
Payment methods include e-commerce, mobile payment, online banking, 
credit cards, bank transfer, and others. Usually, PSP is connected to multiple 
banks and uses a wide range of banking networks. There are more than 900 
PSP active in the world. PSP profit is based on a percentage of the transaction 
or fixed price for each transaction. The costs of PSP include two main 
categories. The first category is the management of the system, including 
hardware, human resources and other overheads of the company. The 
second category of the costs includes variable costs of consumables such as 
thermal paper, which is used as receipt, and the maintenance service for POS 
(Point-of-Sale) machines. This second category of costs can be reduced by 
means of proper planning. For instance, proactive maintenance by regular 
inspections could decrease the maintenance cost of POS terminals in retail 
stores [8-9]. The PSP Company which is selected for this study provides 
service to different customers. Their services are listed above. On the other 
hand, their list of activities is published on their website and available for the 
public. Last but yet important, the domain of the customers are widespread in 
the whole country. It is worth remarking that PSP may be a proper example of 
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a service supply chain where solutions to increase the process sustainability 
can be significant. Nevertheless, there is no study published in SCOPUS 
database related with PSP sustainable service and only one paper related 
with PSP supply chain, which focuses on the internet of things and the 
importance of the service supply chain to achieve a positive return on 
investment [10]. In summary, the value-adding activity of PSP companies is 
providing the above mentioned B2C payment service, that is the electronic 
payment service (soft service), which is traditionally enabled by POS terminals 
whose management requires supplying material and other services (e.g. 
maintenance): these are the subject of the present study. In the next section, 
the methodology of this study is explained.  
3 METHODOLOGY 
SEP, a typical PSP company, was selected as a case study because of three 
reasons. First, the managers were willing to share the information with the 
research team and the personnel has sufficient scientific background to clearly 
understand the goals and expected results of the investigation. Second, the 
company has strict monitoring and report instructions, which are followed by 
all departments including the maintenance units. Particularly the database is 
classified and archived effectively, which makes the information extraction 
more reliable. Third, this company has a high rank in the world and its focus 
is only service providing. 
Three interviews, including two unstructured interviews (in-depth interview – 
see Legard et al. [11]) and one semi-structured interview, were carried out to 
collect data. The semi-structured interview was focused specifically on SEP. 
A list of pre-defined questions was used, but, during the interviews, additional 
questions might be asked to clarify a certain point. One of the interviewees 
was a software engineer, to explore the possibilities of software development 
to eliminate the paper receipts in SEP, and another one was a POS terminal 
maintenance technician of SEP.  
Because of the availability of data, northeast of Tehran has been selected as 
a region and Raste Bazare Shomale Sharg - Haft Hoz – Sharghi was selected 
as a microzone to study the distances and traffic. To find the distances and 
traffic situation in the selected zone for the trips of the maintenance technician 
between the POS terminals locations, Google Map was used.  
4 RESULTS 
4.1 Thermal papers 
Thermal receipts are widely used in payment services. Most of the POS 
terminals, shopping receipt in selling points and shops and ATM machines, 
which print a paper receipt (Fig. 2), use this sort of paper. The paper is coated 
with different chemicals to make it printable. The reactant acid in coating 
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material is mostly Bisphenol A (BPA). Several epidemiology studies disclose 
BPA exposures and threats of adverse health outcomes [12-16]. Because 
BPA is hazardous, it must be avoided to mix thermal paper with other material 
to recycle them; indeed, BPA can contaminate other recycled paper products 
including paper bags or toilet paper.  
SEP often provide thermal papers for its POS terminals from the Soltanrol 
company. Hansol Paper and Indonesian producers presently have the highest 
share of thermal paper market in Iran. The characteristics of these products 
are the same, all of the thermal papers which SEP is presently using contain 
BPA. These thermal papers are available in standard width in five colors. 
These papers are suitable for all of the POS terminals mentioned in the 
previous section: the NCR, Tusan and GRG ATM machines and ML810 
barcode printers, besides Postech, Rongta and Axium thermal printers (the 
most common thermal printers in Iran) use the same paper.  
 
 
 
Figure 2: Thermal receipt samples in Iran. 
According to a report by Ibena (Iranian economic and banking news channel) 
issued in February 2019 [17], thermal papers are one of the most important 
costs as consumable for the banking network and payment service sector in 
Iran. There is an obligatory instruction introduced by Shaparak - the branch of 
the central bank of the Islamic Republic of Iran as the responsible institution 
for monitoring and control of electronic payment services in Iran – to use a 
receipt as a monitoring tool of electronic transactions. This fact causes high 
expenditure for consumables, thermal printers and the maintenance of the 
POS terminals managed by payment service providers. The use of thermal 
papers is a source of bio-hazardous solid waste and unnecessary shuttles for 
the maintenance of POS terminals. This cost imposes the service providers to 
shorten the receipts by using smaller fonts and eliminating unnecessary 
information to reduce paper consumption and minimize wear of the POS 
terminals.  
The total amount of thermal paper usage by SEP is 33,180,678 rolls (18 
meters) during the first 3 months of the year. Tab. 1 reports the paper 
consumption in the selected region and the microzone in three successive 
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months. The paper consumption by retail sellers depends on the number of 
transactions. Also, the retailer can take a report print by the machine which 
could be even a two-meter paper report. There are some obligatory standards 
for the information and the framework of the paper receipt introduced by 
Shaparak institution (SHP_STD_EFTPOSRECEIPT) [18]. 
The average length of the receipt in Iran is 10 cm but it can depend on the 
province. For example, in Fars province, the length of the receipt is 12 cm but 
in Kermanshah Province, the length of the receipt reaches 29 cm.  
Table 1: Transactions and paper consumption in three successive month. 
Period Region 
Transactions 
transactions 
of the 
microzone 
consumption 
of the region 
(18 M roll) 
consumption 
of the 
microzone (18 
M roll) 
% of total 
companies  
consumption 
9701 1044666 2393 601000 1377 0.23% 
9702 1265885 218 725000 125 0.02% 
9703 1288454 1128 851400 745 0.09% 
 
 
4.2 Maintenance  
POS terminals are used to record and process information related to sales at 
retail stores as product users. POS terminals, which SEP or any other PSP 
company provide for selling points, shops and banks, need maintenance. SEP 
uses a range of different POS terminals with different technical characteristics. 
Beside PAX S90, PAX S800, Ingenico 5100, Sagem POS terminals, which 
have classical characteristics, SEP uses some high tech terminals too. Tab. 2 
shows the list of the routine POS sets that are used in this company.   
Table 2: High tech. POS terminals used in SEP. 
MODEL  PAX Q80 PAX D210 
PAX 
S920 
PAX 
S910 
PAX 
S900 
PAX 
A920 
PAX SP20 
S
P
E
C
IA
L
 C
H
A
R
A
C
T
E
R
IS
T
IC
S
 
combining 
payments & 
business 
Apps 
PCI PTS 
4.x Certed 
High 
Cap. 
Battery 
High 
Cap. 
Battery 
High 
Cap. 
Battery 
PCI PTS 
4.x 
certified, 
SRED 
PCI PTS 
5.x SRED 
Small 
footprint 
iOS, 
Android 
Compatible 
High-
Speed 
Printer 
GPRS 
Com. 
GPRS 
Com. 
Camera, 
1D & 2D 
Scanner 
Contactless 
Dedicated 
PCI 4.x 
certified 
NFC 
PCI PTS 
4.x, 
SRED 
High-
Speed 
Printer 
High-
Speed 
Printer 
 
Contactless 
Landing 
Pad 
  Linux OS  NFC  
Integrated 
Privacy 
Shield 
  NFC    
Built-In 
Speaker 
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Great dissatisfaction of customers can derive from the malfunction of POS 
terminal during business hours. Therefore, the PSP provides maintenance 
services through regular inspection to minimize failures. The maintenance 
procedure includes two main approaches: planned maintenance (PM) and 
emergency maintenance (EM). A technician on site carries out PM through 
monthly inspections. This includes functioning control, software tests and 
hardware control beside component renewals when necessary. In some 
cases, it is necessary to check the function after software updates when a new 
software is introduced. Regarding the transactions of the POS terminals, the 
technician supplies new thermal paper rolls to the customers.  
Each technician is responsible for controlling about 900 POS terminals. After 
an inspection, the technician should perform a special transaction to record 
the service that has been provided to the customer. The most important point 
is that the POS terminals are distributed in different locations. For instance, 
there are 32 POS terminals in Raste Bazare Shomale Sharg Tehran - Haft 
Hoz – Sharghi region. The technicians mostly use a motorbike to go to the 
region and walk between the selling points if they are close to each other. As 
it is shown in Fig. 3, in the example region, the longest distance is 4.2 
kilometers.  
 
 
  
Figure 3: Distribution of the selling points in Raste Bazare Shomale Sharg 
Tehran - Haft Hoz – Sharghi. (Left: walking route between the selling points. 
Right: the driving route between the points.). 
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Customers require emergency maintenance by telephone call. When 
emergency service is recorded, the closest branch sends one of the 
technicians to solve the problem. The important thing is that the technicians 
are based in the capitals of the provinces and in case of an emergency call 
from the other cities of the province the closest branch sends a technician 
there. This implies transportation and cost for the maintenance department. In 
addition, the technician will not be available to carry out the daily inspections; 
therefore, a new schedule must be planned for PM in case EM happens. The 
most common problems include software update, battery replacement, roll 
replacement, paper jam, problems with the thermal printer when the print is 
not clear or does not print at all.  
5 DISCUSSION AND CONCLUSION 
According to the results of the study, three facts directly affect thermal paper 
consumption and unnecessary transportations.  
First, the habit of using the thermal papers by sellers and final customers that 
pay and take the payment receipt. The owners of the POS terminals could 
visualize report online instead of requiring a printed hardcopy of the report of 
transactions by POS. Using thermal printers for long reports results in 
mechanical wear of the mechanical parts of printers, which require additional 
PM and possibly EM service, and consequently extra transportation. On the 
other hand, most of the prints in shopping time are unnecessary and if the 
transaction is successful both seller and buyer can refute the printed receipt. 
Often, the buyers check the receipt once and threw it away immediately. 
Conversely, since the SMS reporting of the transactions of the account is 
cheap and neglectable in Iran, using SMS reporting service of the bank 
account can be a viable alternative: customers can already receive an 
immediate SMS from the bank for any withdrawal from the account. It means 
that, even for checking the amount of the payment, printing the receipt is not 
necessary. This fact is considered as a “false using culture” which could be 
corrected by informing the users. To sum up, in order to decrease printing the 
thermal paper receipts, efforts for cultural change and public awareness is the 
first step. 
Second, the regulations related to online payment in Iran play a role. 
Regarding the instructions of the standards SHP_STD_EFTPOSRECEIPT, 
providing a receipt is necessary as a service for PSP companies. But this 
receipt could be sent by email. Again, programs for cultural change on end-
users of this service should be carried out to highlight the waste related to the 
unnecessary use of paper receipts. Accordingly, the transition from paper to 
digital communication can only be enabled by adding a new function script in 
the main software of the PSP Company. 
Third, thermal printers in POS terminals are the source of a considerable 
amount of trips for maintenance. Traditional POS terminals have more 
hardware problems and high-tech sets have more software problems. The 
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majority of the POS terminals in Iran are classical models (as listed in the 
results section). Therefore, the best way to decrease the maintenance of the 
POS is less use of the hardware which emphasizes the above-mentioned 
conclusion. On the other hand to decrease the transportations an optimization 
of the commute route for maintenance by the technicians could be useful. 
According to Fig. 3, in the selected zone, many of the inspection locations are 
closer than 50 meters. Since the price of petrol is very cheap in Iran, there is 
an unintentional inclination to use vehicles even for short distances. This fact 
calls for another cultural change to march a close distance on foot. In 
conclusion, an optimization of two parameters could be useful to decrease the 
transportation, first, the best route to reach all of the inspection points, and, 
second, the transportation means, from vehicle to foot. 
Last but yet important is the lack of a plan for collecting the thermal paper 
receipts. From all accounts, using thermal papers is not an eco-friendly way 
of reporting and monitoring the payments and transactions. The existing 
consumption of thermal papers accumulates a huge amount of hazardous 
material. These paper wastes are often collected with other solid wastes and 
wrongly mixed with normal recyclable papers thus contaminating the final 
product of the recycling process. Therefore, a robust plan for collecting the 
thermal paper wastes especially in selling points and shops is necessary.  
6 LIMITS OF THE STUDY AND FUTURE DEVELOPMENTS 
The main limit of the study was about the interviews. All of the interviews had 
been done in the capital and its districts. Nevertheless, the maintenance 
process in both PM and EM is the same in all branches, but, in this study, it 
was not possible to select interviewees from the other provinces and cities. In 
addition, because of bureaucratic difficulties, it was not possible to establish a 
conference call or send the online questionaries’ in other provinces.  
Further developments of the study could focus on the cultural aspect of using 
non-eco-friendly material like thermal papers and possible ways to collect 
these receipts from both selling points and costumers. As mentioned in the 
conclusion section, there is no plan to collect the receipts in the selling points 
and shops in any country. Substitution of the thermal papers with email or 
SMS will be a long-term plan so maybe trying to find better ways to control the 
consumption of hazardous material and collecting them in a safe way is the 
best option until the implementation of the other technological methods to 
avoid using this material in future. 
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ANALYSIS OF DURABILITY OF COOKING APPLIANCES 
THROUGH A LIFE CYCLE ASSESSMENT 
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Global Connectivity & Technology, Electrolux Italia SpA, Porcia (PN), Italy 
Abstract 
The European action plan on the Circular Economy proposes a wide-range of 
measures that should help consumers to choose products that are better for 
the environment. Among those measures, there is the extension of product 
lifetime (i.e. durability) as it allows to save resources and minimize waste. 
However, there is no agreement on the potential environmental benefits that 
improved product durability may yield.  
The article describes the application of a method to assess the durability of 
domestic cooking appliances from an environmental perspective. The method 
is a comparison, within a life-cycle perspective, of two scenarios for different 
lifetimes of cooking products and their potential substitution with better 
energy-performing products, taking into account several features of cooking 
products (e.g. energy consumptions, failure frequency of product’s 
components, etc.). The results showed that the extension of the operating time 
does not always yield environmental benefits for the products. The benefits 
are, however, largely variable, mostly depending on selected environmental 
impact categories, products architecture, and the energy efficiency of the 
replacing product. 
Keywords: 
Life-cycle assessment, Durability, Cooking appliances, Ecodesign 
1 INTRODUCTION 
In the last years, the interest in the durability of products has increased 
particularly in Europe. For example, in the ‘Circular Economy package’ [1], 
the European Commission (EC) promotes the reparability, upgradability, 
durability, and recyclability of products by extending the scope of ecodesign 
requirements beyond energy efficiency. The EC also requested the European 
standardization bodies to develop standards on material efficiency aspects, 
with a particular focus on extending product lifetime, enabling components 
re-use or materials recycling at the end-of-life of products, and using recycled 
materials and/or re-used components in products [2]. The durability is one of 
the key aspects for the resource efficiency of products as highlighted in the 
Ecodesign Working Plan 2016-2019' communication [3], especially in terms 
of waste prevention and material savings during the product’s life cycle. 
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Therefore the extension of product’s lifetime is considered an appropriate 
strategy to improve the environmental profile of products. 
However, for large appliances this strategy is ambiguous, as the efficiency of 
products generally decreases with wear, and their substitution by more 
energy-efficient products can be more environmentally beneficial, taking into 
account that for domestic appliances the environmental impacts related to 
their use constitute a significant portion of the whole lifecycle impacts for 
those products [4, 5]. 
This paper presents an application of the method for the environmental 
assessment of the durability of energy-using products (EuPs) in order to 
identify the potential benefits and/or burdens associated with the extension 
of the lifetime of products. The method is based on the Life Cycle Assessment 
(LCA) [6], and it was recently developed and applied to some domestic 
appliances [7, 8, 9]. 
The next sections illustrate and discuss the proposed method. In particular, 
section 2 describes the method and the durability index. The index was then 
applied to Electrolux cooking products (section 3), and results were finally 
analyzed and discussed in section 4. 
2 METHOD FOR THE ASSESSMENT OF DURABILITY 
2.1 Durability index 
In literature, there are several methods proposed for assessing the durability 
of a product from an environmental point of view. Some of them are focused 
on LCA methodology, other ones are limited to energy analysis [7, 8, 9]. By 
using the LCA methodology, it is possible to study the environmental aspects 
and the potential impacts of the whole life cycle of a product (“from cradle to 
grave”) and to carry out a scientific-based evaluation of what advantages or 
additional burdens extended durability may yield. 
The method developed by Ardente and Mathieux was used in this case study, 
and the simplified durability index was selected for the cooking products [7]. 
The method is based on the comparison, from a life cycle perspective, of two 
scenarios (SC) concerning the length of the lifetime of a target product and 
its potential substitution with a better performing alternative. In the first SC - 
“base case” or “standard” SC - a product “A” is discarded after its first use 
and replaced by a new product “B” that is more energy-efficient than “A”. In 
the second SC - “reuse” or “durable” SC - the product “A” after its first use is 
repaired in order to extend its lifetime of “X” years. The key point of the 
“durable” SC is that the product will have a longer lifetime (T) than the 
“standard” SC. Consequently, it is necessary to take into consideration the 
production of two products within the standard SC (product “A” and “B”) to 
ensure the same timeframe is consistent for both scenarios, and to consider 
that product “B” will be a newer product, and that only a certain proportion of 
its lifetime impacts need be taken into account (Figure 1). 
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Figure 1. The identification of two scenarios for the durability assessment [7]. 
This method was selected as it has good analytical soundness and 
applicability to different appliances, and it was recently developed and applied 
to various domestic appliances such as washing machine, dishwasher, 
vacuum cleaners [7, 8, 9]. It is also based on a full LCA. 
The durability index (Dn) for a general life cycle impact category “n” is basically 
a comparison between two SC, from an LCA perspective. It is calculated as 
follow: 
𝐷𝑛 =  
𝑃𝐵,𝑛
𝑇𝐵
∗ 𝑋 +
𝐸𝐵,𝑛
𝑇𝐵
∗ 𝑋 + (𝑈𝐵,𝑛 − 𝑈𝐴,𝑛) ∗ 𝑋 − 𝑅𝐴,𝑛
𝑃𝐴,𝑛 + 𝑈𝐴,𝑛 ∗ 𝑇𝐴 + 𝐸𝐴,𝑛
∗ 100 
Where: 
PA,n and PB,n= Environmental impact for category “n” for the production of 
product “A” and “B”, respectively (including the production of raw materials 
and manufacturing) [unit]; 
TA and TB = Average lifetime of product “A” and “B”, respectively [hour]; 
X = Extension of operating time of product “A” [year]; 
EA,n and EB,n = Environmental impact for category ‘n’ for the end of life (EoL) 
treatments of product “A” and “B”, respectively [unit]; 
UA,n and UB,n = Environmental impact per unit of time for category “n” for the 
use of product “A” and “B”, respectively [unit/year]; 
RA,n = Environmental impact per unit of time for category “n” for the repairing 
necessary to extend of lifetime of product “A” [unit]. 
For our scope, the simplified durability index (D’n) is adopted, such as: 
𝐷𝑛
′ =  
𝑃𝑛
𝑇 ∗ 𝑋 +
𝐸𝑛
𝑇 ∗ 𝑋 −
(1 − 𝛿) ∗ 𝑈𝑛 ∗ 𝑋 − 𝑅𝑛
𝑃𝑛 + 𝑈𝑛 ∗ 𝑇 + 𝐸𝑛
∗ 100 
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As it is assumed that: 
 there are not significant technological progress of the products and 
following changes of manufacturing processes, then potential impacts for 
the production of product “B” are the same for the product “A” (i.e. 
PA,n=PB,n=Pn); 
 even though changes of EoL treatments of products are expected, it’s 
plausible to affirm that environmental impacts at the EoL are the same 
for both products; 
 product “B” will have higher energy efficiency than product “A”, and both 
products have the same expected lifetime (TA=TB=T). 
 
The P, E and U values for life cycle impact categories (e.g. Global Warming 
Potential) were calculated by LCA of products. For X, an extension of lifetime 
in a range from 1 to 5 years is assumed. The parameter δ is the higher energy 
efficiency of the new product “B” substituting the product “A” (in %), such as if 
the product “B” consumes less 20% energy than “A”, then δ=0.8. Finally, the 
parameter Rn measures the impacts due to the repair or substitution of some 
components of appliances. 
Durability index can be shown graphically using charts for each impact 
category. The charts consist of Cartesian coordinate systems with δ on the X-
axis and Dn on the Y-axis, as shown in figure 2. 
 
 
 
Figure 2. Graphical representation of the durability index Dn [7]. 
For Dn>0, prolonging the lifetime of the product “A” is more environmentally 
beneficial than of an upgrade to a newer, more efficient product “B” (in figure 
2, this happens when δ>85%). For Dn≤0, prolonging the lifetime of the product 
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“A” yields no environmental benefits in comparison with upgrading to a newer, 
more efficient product “B” (this happens when δ≤85%). 
2.2 Case study products and main assumptions 
The simplified durability index was then applied to Electrolux cooking products 
described in table 1. 
Table 1. Main features of Electrolux cooking products considered for the 
durability assessment. 
Cooking 
product 
Main features 
Gas hob Natural gas | 
Built-in | Independent | 
4 cooking zones | 
Max power 8.7 kW 
Induction hob Electricity | 
Built-in | Independent | 
4 cooking zones | 
Max power 14.8 kW 
Electronic 
oven 
Electricity | Built-in | Grill | 
Max power 2.48 kW | 
1 cavity – 72 liters 
Energy class A+ 
 
 
 
The simplified index D’n was calculated for three life cycle impact categories 
in order to focus on the application of the method, such as: 
 Global Warming Potential (GWP) (in kg of carbon dioxide equivalents; kg 
CO2-eq). The emission factors of GWP come from the 5th Assessment 
Report of the International Panel on Climate Change [10]. 
 Water use midpoint indicator, which assesses the potential of water 
deprivation (in m3), to either humans or ecosystems, building on the 
assumption that the less water remaining available per area, the more 
likely another user will be deprived. The water use impact was calculated 
by using the Available WAter REmaining (AWARE) method [11].  
 Terrestrial acidification (TA; kg SO2-eq) which is related to the 
atmospheric transport of the pollutants (mainly NOx and SOx) and their 
subsequent impact on soil properties and ecosystem [12]. 
 
These three categories were selected because GWP is generally dominated 
by energy consumption, while TA is dominated by the raw 
materials/composition of products. Impact on water use was selected because 
it is becoming an increasingly important indicator at a global level. 
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For the energy efficiency of replacing product (δ), a range from 70% to 100% 
is included, such as it is assumed that replacing product “B” will consume 30% 
less energy (as a maximum) than the current product “A”. Going into details, 
for the gas hob, the forecast energy consumption of replacing the product will 
be around 5% less than for current gas hob models, without changes of burner 
technology (i.e. δ=95%). For the induction hob and the oven, the expected 
energy consumption of replacing the product should be around 15% and 30%, 
respectively (i.e. δ=85% for the induction hob, and δ=70% for the oven). The 
expected lifetimes of products are 19 years for the gas hob and the oven, and 
15 years for induction the induction hob. Concerning the extension of the 
lifetime of product (X), it is assumed that it varies from 1 to 5 years. 
The yearly consumption of natural gas for the gas hob, and electricity for the 
induction hob and the oven, comes from measured values based on 
harmonized standard and EU Energy Regulation (i.e. the water boiling test for 
hobs, and the wet brick test for the oven), and taking into account 438 cooking 
cycles/year for the hobs, and 110 cycles/year for the oven, with a cycle 
duration of 15 mins, 30 mins, and 45 mins as defined in the EuP studies - Lot 
23 [4]. 
Table 2 reports the main assumptions and yearly energy consumption of the 
studied products. 
Table 2. Main assumptions for the calculation of the durability index and 
energy consumption of studied products. 
Parameter  Gas hob Induction hob Oven 
T (years) 19 15 19 
X (years) 1 – 5 
δ (%) 70 - 100 
Gas (m3/year) 31.7 - - 
Electricity (kWh/year) - 81.4 73.4 
 
3. RESULTS 
3.1 Life cycle impacts of cooking products 
The life cycle impact of hobs and oven, based on LCA carried out, are 
summarized in table 3. 
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Table 3. Life cycle impacts of hobs and oven. Impact of use phase (U) is 
referred to one year. 
Product  GWP (kg CO2-eq) Water use 
(m3) 
TA (kg SO2-eq) 
Gas hob P 62.2 17.3 0.47 
U 25.7 1.64 0.08 
E 0.83 0.1 0.002 
Induction hob P 180.7 49.6 1.9 
U 34.2 9.2 0.12 
E 0.86 0.08 0.001 
Oven P 141.6 43.8 1.4 
U 29.7 8.16 0.1 
E 1.57 0.16 0.0036 
 
 
 
The life cycle impacts for the repair activity (Rn) necessary to extend the 
lifetime of products are reported in table 4, where it is also possible to see 
what the priority parts of studied products are. Priority parts are all parts 
necessary to deliver primary and secondary functions of the cooking product, 
and they can be considered representative of the most typical failure 
conditions. 
Table 4. Life cycle impacts of repair action (Rn). IGBT=Insulated Gate 
Bipolar Transistor. PCB=Printed Circuit Board. 
Product Priority parts GWP (kg 
CO2-eq) 
Water 
use (m3) 
TA (kg 
SO2-eq) 
Gas hob Gas tap 0.57 0.27 0.03 
Thermocouples 0.2 0.05 0.0015 
Induction 
hob 
Cooling fan 3.35 1.03 0.024 
IGBT of power 
induction board 
64.5 17.7 0.39 
Oven PCB 25.5 7.22 0.24 
Cooling fan 8.57 2.24 0.1 
 
 
 
With regard to the induction hob, the insulated gate bipolar transistors (IGBT) 
cannot be removed individually and then replaced; then for the induction hob, 
assumed a replacement of the whole power electronic induction board is 
assumed.   
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3.2 Results of durability index 
Table 5 reports the values of the simplified index for the gas hob, taking into 
account an extension of the lifetime of 1, 3 and 5 years, and that the gas tap 
and the thermocouple are replaced to prolong the hob’s lifetime.  
Table 5. Simplified durability index (D’) results for the gas hob, taking into 
account the impact category GWP, Water use and TA. When the index is 
positive (grey cells), there is an environmental benefit due to the extension 
of X years of the gas hob’s lifetime. 
  GAS TAP THERMOCOUPLE 
X δ D’GWP D’WATER D’TA D’GWP D’WATER D’TA 
1 
100 0.5 1.32 -0.28 0.57 1.78 1.18 
95 0.27 1.15 -0.48 0.33 1.61 0.98 
90 0.03 0.98 -0.68 0.1 1.44 0.78 
85 -0.2 0.81 -0.88 -0.13 1.27 0.58 
80 -0.43 0.65 -1.08 -0.37 1.1 0.38 
75 -0.67 0.48 -1.28 -0.6 0.93 0.18 
70 -0.9 0.31 -1.48 -0.83 0.76 -0.02 
3 
100 1.7 5.1 2.23 1.77 5.55 3.69 
95 1 4.59 1.63 1.07 5.05 3.09 
90 0.31 4.09 1.03 0.37 4.54 2.49 
85 -0.39 3.58 0.42 -0.33 4.04 1.89 
80 -1.09 3.07 -0.18 -1.03 3.53 1.29 
75 -1.79 2.57 -0.78 -1.72 3.02 0.69 
70 -2.49 2.06 -1.38 -2.42 2.52 0.08 
5 
100 2.91 8.88 4.74 2.98 9.33 6.2 
95 1.74 8.03 3.74 1.81 8.49 5.2 
90 0.58 7.19 2.73 0.64 7.65 4.2 
85 -0.59 6.35 1.73 -0.52 6.8 3.19 
80 -1.75 5.5 0.73 -1.69 5.96 2.19 
75 -2.92 4.6 -0.27 -2.85 5.12 1.19 
70 -4.08 3.82 -1.27 -4.02 4.27 0.19 
 
 
 
Results show that the extension of the lifetime always ensures environmental 
benefits for the impact categories water use, regardless of the component to 
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be replaced. On the contrary, for the TA impact category, the simplified index 
is always positive if the thermocouple is replaced to extend the lifetime of 1, 3 
or 5 years. The simplified index for GWP impact is close to 0 or negative when 
δ ≥ 90%. Such as the GWP saving related to the lifetime extension of the gas 
hob strictly depends on the energy efficiency of the new product (“B”). This is 
particularly evident for the life cycle impact categories dominated by energy 
consumption, as GWP. Taking into account that the forecast energy efficiency 
of the new gas hob will be around 5% (δ=95%), the GWP reduction due the 
extension of the lifetime of 1, 3 or 5 years is around 0.3%, 1%, and 1.7%, 
respectively, for both gas tap and thermocouple substitution. The simplified 
index for the GWP impact category is shown in figure 3 when the 
thermocouple is replaced. The Y-axis plots the values of the simplified index 
(D’): positive values mean an environmental benefit (savings) associated with 
the lifetime extension for the GWP impact categories. It is possible to see that 
the trade-off between the extended lifetime of our gas hob and its replacement 
with a more energy-efficient alternative is for δ close to 87%.  
 
 
 
Figure 3. Simplified durability index (D’) for the GWP impact category, for 
gas hob and for thermocouple replacement. 
Results for the induction hob (Table 6) show how the potential environmental 
benefit of lifetime extension strongly depends on the part to be replaced. 
Whenever the cooling fan fails, its replacement for extending the hob lifetime 
of 1, 3 or 5 years is always an environmental benefit, with a potential reduction 
of GWP between 2.5% and 4.5% with δ = 85%. On the contrary, if the failed 
component is an electrical part of the power electronic induction board, it is 
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better from an environmental point of view to replace the hob with a new one, 
though the new induction hob is slightly more energy efficient than the old 
product. In fact, assuming that the new induction hob is 15% more energy 
efficient of the old hob (δ=85%), the simplified durability index for extending 
the lifetime of hob of 1 year due to the power electronic induction board 
replacement is less 8.3%. For the impacts of water use category, the index is 
always negative, which is similar to GWP category. For the TA impact 
category, the environmental benefit becomes evident only for 5 years of 
lifetime extension. 
Table 6. Simplified durability index (D’) results for the induction hob, taking 
into account the impact category GWP, Water use and TA. When the index 
is positive (grey cells), there is an environmental benefit due to the extension 
of X years of induction hob lifetime. 
  
COOLING FAN 
POWER ELECTRONIC 
INDUCTION BOARD 
X δ D’GWP D’WATER D’TA D’GWP D’WATER D’TA 
1 
100 1.26 1.22 2.81 -7.55 -7.65 -7.19 
95 1.01 0.97 2.65 -7.79 -7.89 -7.35 
90 0.77 0.73 2.48 -8.04 -8.14 -7.51 
85 0.52 0.48 2.32 -8.29 -8.38 -7.67 
80 0.28 0.24 2.16 -8.53 -8.63 -7.83 
75 0.03 -0.01 2 -8.78 -8.87 -7.99 
70 -0.22 -0.25 1.84 -9.02 -9.12 -8.15 
3 
100 4.75 4.75 6.27 -4.06 -4.12 -0.26 
95 4.01 4.01 5.95 -4.8 -4.85 -0.74 
90 3.27 3.27 5.63 -5.54 -5.59 -1.22 
85 2.53 2.53 5.31 -6.28 -6.33 -1.7 
80 1.79 1.79 4.99 -7.02 -7.06 -2.18 
75 1.05 1.05 4.67 -7.76 -7.8 -2.66 
70 0.31 0.31 4.35 -8.49 -8.53 -3.14 
5 
100 8.23 8.27 9.74 -0.58 -0.59 6.67 
95 7 7.05 9.26 -1.81 -1.82 5.87 
90 5.77 5.82 8.78 -3.04 -3.04 5.07 
85 4.54 4.6 8.3 -4.27 -4.27 4.27 
80 3.31 3.37 7.82 -5.5 -5.49 3.47 
75 2.07 2.15 7.34 -6.73 -6.72 2.67 
70 0.84 0.92 6.86 -7.96 -7.94 1.87 
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Also for the oven, the potential environmental benefit of lifetime extension 
strongly depends on the type of critical parts to be replaced (Table 7).  
Table 7. Simplified durability index (D’) results for the oven, taking into 
account the impact category GWP, Water use and TA. When the index is 
positive (grey cells), there is an environmental benefit due to the extension 
of X years of oven lifetime. 
  COOLING FAN PCB 
X δ D’GWP D’WATER D’TA D’GWP D’WATER D’TA 
1 
100 -0.15 0.14 -0.82 -2.54 -2.46 -4.96 
95 -0.36 -0.06 -0.97 -2.75 -2.67 -5.11 
90 -0.57 -0.27 -1.12 -2.96 -2.87 -5.26 
85 -0.78 -0.47 -1.27 -3.17 -3.08 -5.41 
80 -0.99 -0.68 -1.42 -3.38 -3.28 -5.56 
75 -1.2 -0.88 -1.58 -3.59 -3.49 -5.71 
70 -1.41 -1.09 -1.73 -3.8 -3.69 -5.87 
3 
100 1.98 2.47 3.65 -0.42 -0.14 -0.49 
95 1.35 1.85 3.2 -1.05 -0.75 -0.94 
90 0.72 1.24 2.74 -1.68 -1.37 -1.4 
85 0.09 0.62 2.29 -2.31 -1.98 -1.85 
80 -0.54 0.01 1.83 -2.94 -2.6 -2.31 
75 -1.17 -0.61 1.38 -3.57 -3.21 -2.76 
70 -1.8 -1.22 0.92 -4.2 -3.83 -3.22 
5 
100 4.11 4.8 8.12 1.71 2.19 3.98 
95 3.06 3.77 7.36 0.66 1.17 3.22 
90 2.01 2.75 6.6 -0.39 0.14 2.46 
85 0.96 1.72 5.85 -1.44 -0.88 1.71 
80 -0.09 0.7 5.09 -2.49 -1.91 0.95 
75 -1.14 -0.33 4.33 -3.54 -2.93 0.19 
70 -2.19 -1.53 3.57 -4.59 -3.96 -0.57 
 
 
 
If the failed component is an electrical component, it is better from an 
environmental point of view to replace the old oven with a new one that is 
more energy efficiency, instead of replacing the whole PCB and to extend the 
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oven lifetime, as it leads to a GWP, water and TA impacts reduction. Taking 
into account that the forecasted energy efficiency of the oven is around 30% 
(δ=70%), the simplified durability index for GWP is always negative (fig. 4). 
Therefore, the substitution of the oven with a new more energy efficient 
product is always preferable. 
 
 
 
Figure 4. Simplified durability index (D’) for the GWP impact category, for 
oven and for PCB replacement. 
4. DISCUSSION 
The simplified durability index was applied to three cooking products having 
different features and composition. From the analysis, it is concluded that the 
extension of the lifetime of cooking products does not always produce 
environmental life-cycle benefits. For instance, the extension of the lifetime of 
induction hob and oven does not reduce the impact in the TA impact 
assessment category. This depends strongly on components to be replaced 
because for both products the electronic parts (i.e. PCB for oven and power 
electronic induction board for induction hob) affect the TA impacts. For the 
GWP impact category, which depends mainly on energy consumption during 
the use phase of the product, extending the product’s lifetime may lead to 
environmental benefits according to the improvements in the energy efficiency 
of the replacing product. In particular, for gas hob, an improvement in the 
energy efficiency of the replacing product of 5% always leads a slight 
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reduction of the GWP (less than 2%) for the durability scenario, independently 
of the component to be replaced (gas tap or thermocouple). Therefore, the 
replacement of cooking appliances with more energy-efficient ones is for 
some scenario a preferable choice, depending on the energy gain of new 
cooking appliances.  
The product composition may also affect the durability index. For products 
with a high percentage of electric and electronic components, as induction hob 
where these components account for 16% of the total weight of hob, the 
extension of product’s lifetime does not lead to environmental benefits, by 
assuming that the whole power electronic induction board is replaced. On the 
contrary, for the gas hob, where iron and steel account for around 39% and 
35% of the total weight of the product, respectively, the extension of product’s 
lifetime may be a preferable choice from an environmental angle.   
The durability index applied to cooking products is based on different 
parameters in order to include several elements of the product’s life cycle that 
are generally uncertain (e.g. use phase of hob, end of life, component to be 
replaced, etc.). The uncertainty of these parameters can be accounted 
through sensitivity analysis by assuming a variation of the most critical 
parameters.  
To conclude, the durability of appliances is a wide and complex argument 
involving many aspects, as social, economic and regulatory aspects. All these 
aspects could be part of further developments of the durability index to 
contribute to the application of the material efficiency criteria to domestic 
appliances. 
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Abstract 
After the success of Agile Methodologies in software product development, it 
starts to be attractive for physical and hardware product developers. This is 
because Agile demonstrates its benefits in software development such as 
quick time-to-market, customer satisfaction, short feedback loops, and 
flexibility in the change process. This new trend motivates researchers and 
enterprises to start thinking about how to successfully implement Agile in 
hardware product development to achieve such benefits. 
The purpose of this paper is to investigate how the Agile approach can be 
used in the domain of physical development of products. The paper compares 
different published models and compares hardware and software product 
development procedures by highlighting similarities and differences. 
Moreover, the article depicts the potential challenges of Agile for physical 
product development explicitly. In addition, the disadvantages of Agile will be 
presented regardless of its implementation on hardware or software product 
development. The paper discovers a lack of literature about Agile frameworks 
used for physical products because Agile for physical product development is 
a relatively new and undiscovered field outside of software engineering. Firms 
apply different hybrid models by the integration of Agile with Stage-Gate, Agile 
combined with traditional development processes, by scaling Agile or applying 
pure Agile elements such as scrum. After that, the limitation of Agile in 
hardware product development will be summarized, and the potential 
solutions to overcome these limitations are described. 
Keywords:  
Agile, New product development, Agile challenges, Scrum, Stage-Gate 
1 INTRODUCTION 
Agile methods are being adopted outside their initial scope of software 
development. Agile successfully implemented in different projects sizes, 
distributed globally. Agile software development provides many benefits, such 
as reduce time-to-market, customer satisfaction, increase team motivation, 
high transparency, etc. As a result, Agile starts to be developed to support the 
increasing demands of physical new product development (NPD).  
Physical/Hardware Products mean Products which can be touched or 
tangible, solid, dust or liquid state in a container, build with some materials, 
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has mechanical components, has a height, weight, and dimension and can be 
shipped to the customer physically. These are not similar to other Digital or 
software Products, which can be used, downloaded or subscribed after 
purchase and payment. The terms hardware and physical will used 
interchangeably. 
Nowadays, most of the physical products have electronic components and 
software. This requires a shift in the way of managing such products. [15] 
investigate the ability and challenges of implementing Scale Agile in 
embedded systems [15].  [2] a creator of Stage-Gate, confirm in his paper the 
possibility to integrate Agile frameworks or principles with Stage-Gate to 
manage projects for physical products development. The author mentioned 
three leading firms that integrate Agile principle successfully with Stage-Gate 
in their projects of products development. These firms are Corning Gorilla 
Glass, L.M. Ericsson, and Omicron. The author shows that implementing Agile 
or Scrum with Stage-Gate does not mean abandoning Stage-Gate; instead, 
the Scrum can be added to Stage-Gate. This finding is supported by [27]; the 
authors observe two firms that integrate Agile and Stage-Gate. These firms 
(Ericsson Microwave Systems EMW and ABB SCADA) used extreme 
programming XP as an Agile framework with Stage-Gate to develop physical 
products. According to [14] in their case study of five companies implemented 
and integrated hybrid approach of Scrum with Stage-Gate in their product 
development. The authors point out that one company, Electro, had reduced 
the workforce by 25 % while maintaining the performance rate, Windo reduced 
the rework rate by 20 %. [14] 
In the empirical analysis by [1], the authors studied more than two hundred 
companies in German-speaking countries which apply Agile in their physical 
product development. The large portions of those companies specialized in 
mechanical, plant engineering and automotive industries. The authors figure 
that “Manifesto of Agile software development is also valid for Agile 
development of physical products.” Scrum, Kanban, and Design of thinking, 
respectively, are the most common methods used. [1] 
In the following parts, the differences between hardware and software product 
will be shown to understand the nature of the hardware product and how it 
could be challenging to implement Agile into hardware product development. 
Moreover, the Agile challenges and Agile limitations for hardware product 
development will be discussed. Finally, the paper will present many different 
approaches on how to implement Agile into hardware product development 
according to the literature review. 
2 HARDWARE VS. SOFTWARE 
Physical product development is much different from software development. 
Software development is almost infinitely divisible. [2] comments that “A 
software development consisting of one million lines of code can be broken 
down into one hundred increments of roughly 10,000 lines, each increment 
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yielding a working product”. However, developing a new device or a machine 
cannot be managed in such a way. Software and hardware products differ in 
these ways [13]: 
 Software development is much easier to change than hardware. The cost 
of change is much higher for hardware than for software. 
 Software products developed through multiple releases by process of 
accretion and refactoring (adding new features and re-writing existing 
logic to support the new features). Hardware products consist mainly of 
physical components that cannot be “refactored” after manufacturing, 
and cannot “accrete” new capabilities that require hardware changes. 
Designs for new hardware products are often based upon earlier-
generation products of a similar type but commonly rely on next-
generation components that were not present in earlier generations of 
the product. 
 New versions of software and hardware products are both constrained 
by the design and capabilities of previous versions, but the nature of 
software development allows for more latitude in deciding what to 
develop than in the case for hardware.  
 Hardware designs are limited by the need to incorporate standard parts.  
 Hardware development can have a much longer lead time compared to 
pure software products. [12] 
 In hardware products, more of the architectural work must be done 
upfront compared to software products. 
 Testing software commonly requires developing thousands of test cases 
while hardware testing involves far fewer tests, but more specialized and 
expensive equipment. 
 Software testing is commonly completed by or defined by, specialized 
Quality Assurance engineers, while hardware testing is commonly done 
by the engineers who are creating the product. 
 Hardware must be designed and tested to work over a range of time 
(aging) and environmental conditions, which is not the case for software. 
 The cost of development for software products is relatively flat over time. 
However, the cost of hardware development rises rapidly towards the end 
of the development cycle. 
 
Due to some of the above factors, it is possible to make significant changes 
in planned software-product in mid-development, without massive disruption. 
Attempts to make such changes in hardware development come at a much 
higher cost and shipping schedules postponed. As a result, significant 
changes must be done to pure Agile principles to facilitate the implementation 
of Agile in the hardware domain. [13] 
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3 DISADVANTAGES OF AGILE METHODOLOGY 
While many of the literature reviews point out the advantages of Agile 
especially in the software industry, this paper focuses on presenting the 
disadvantages of Agile to understand the nature of Agile; thus a suitable 
improvement could be invented. The disadvantages of Agile are as following: 
 Agile properly support small to medium-sized teams. While it is limited to 
support large teams. With large teams, face-to-face communication, 
coordination, and control are reduced. So that the degree of agility to 
manage large teams are less than in smaller teams [9]. 
 Safety-critical software is a software in which any failure can harm 
humans or cause severe economic damage. Developing safety-critical 
software by Agile has not proven to be secure. There is a doubt that the 
quality control mechanisms supported by Agile will be sufficient [9]. 
 Agile highly depends on personnel [10, 11], which mean the behavior, 
qualifications, and soft skills of employees have a high impact on the 
project. Moreover, with less documentation, most of the information is 
stored in the teams’ brain. For instance, one of the team members left 
the company or sick for some days, she going to impact the progress of 
the project negatively.  
 Developing large or complex software could be problematic with Agile 
since there may be a critical architecture that is difficult to change. In that 
case, the cost of changing maybe high. In addition, the integration 
between some functionality of the system could prevent the teams from 
delivering an increment at the end of each iteration [10]. 
 Unlike traditional project management methods, Agile conducts all time 
for developing a product. Agile does not have documentation for project 
initiation, such as risk log and project quality plan. Agile has just the 
definition of done and product backlog, which are in some project not 
sufficient. Moreover, in project closing, Agile does not use such 
documents for the lesson learned at the end of the project to be available 
in the future. Generally, Agile relies on people memories more than 
documentation. In the case of a new member, for example, join the team, 
the boarding process will be challenging 
 Customer involvement is a must. Without the cooperation of users, the 
development process would be hampered and may lead to failure [8]. 
Also, in some cases, customers could not be able to figure out precisely 
what they want, or they do not appreciate to be involved frequently during 
the developing process. 
 Some decisions require the expertise of the senior software developers; 
hence, novice developers are not really welcomed unless combined with 
experienced resources [8]. Also, giving the novice member or team the 
full authority to manage the way of their work or selecting the work they 
have to do could impact the progress of the project due to Agile provides 
less power for management level. 
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 Agile is not suited for projects with strictly defined requirements and 
scope [8].  
 Agile is not suitable for complex dependencies and has more risk of 
extensibility, sustainability, and maintainability [8]. 
 Agile does not require an initial planning phase, and it still requires an 
overall development plan. Accordingly, an expert  Agile leader and 
project management practice are required. Without them, the project 
might not work [8].  
4 LIMITATIONS OF AGILE METHODOLOGY IN HARDWARE PRODUCT 
DEVELOPMENT  
The Agile manifesto, as mentioned, is mainly for the software industry, so a 
question arises, is it transferable to hardware product development projects? 
(Schmidt, Weiss and Paetzold, 2018) Concluded in their study of investigating 
the capability of implementing Agile in hardware industry many reasons that 
limiting Agile to be implemented effectively, e.g., changing the operation of the 
corporation increases the pressure on the supplier, they need to be able to 
react to changing requirements on short time [1]. Most popular reasons 
limiting Agile to be implemented on hardware product development are: 
 External dependencies: In hardware industries, companies always rely 
on many suppliers and service providers which will affect the capability 
of the company to be able to respond to all changes in requirements 
especially for large companies with too many suppliers. The developing 
team has dependencies with external suppliers and often needs to wait 
until these suppliers to deliver [12]. Also, testing is interlinked with these 
waiting times, as it cannot be performed until a physical prototype has 
been constructed. Implementing Agile in hardware product development 
in that case highly necessarily required to be adopted in the company’s 
partners. Also, Companies could provide an in-house workshop for 
developing teams to facilitate their work to reduce such waiting time. 
 High-frequency iterative: Unlike in the software industry, the hardware 
product development takes more time, so working on the high-frequency 
iterative manner in most cases will not lead to a reasonable outcome. In 
software, it generally from two weeks to four weeks, while in hardware 
this concept has to be adopted. Corning Incorporated is an American 
multinational technology company that specializes specially in glass 
provides an example for adapting the iteration length, by changing it to 
two to three months iteration instead. [2] 
 Modularization of the products: In traditional product development, all 
requirements are defined in the early stage of the development so that 
building a model of the product is mandatory and can be done in 
somehow correctly. While the nature of Agile assumes that it is not 
possible to plan in advance. [3] mentioned that it goes against 
conventional wisdom “first think, then do” [3]. Actually, modularize 
Agile Methodology for Physical Product Development: Limitations and Solutions 
136 
hardware product is essential since it is hard to be able to change any 
feature or component of the product, changes have to be evaluated by 
the capability and the available resources otherwise, the development 
will last forever. So implementing Agile in hardware product development 
should be adapted to be able to formalize at least most of feature and 
building a model of the product and estimates the degree of changing. 
 Limited scalability to a large project: Regarding this perspective, the 
current methods of Agile could fit with SMEs small while managing large 
product development projects require to scale the current Agile methods. 
In addition, Agile frameworks are designed to enable the development 
team to be autonomous and free to decide how they work. By scaling the 
teams of the project to many tens or hundreds of development teams, it 
becomes chaotic for teams to fully self-organize. [4] 
 Documentation: As mentioned in Agile manifesto [5] “Working software 
over comprehensive documentation”. Agile methods focus more on the 
work that has to be done more than the documentation. That could make 
sense if just one project takes into consideration. However, 
documentation is essential for the company to record all practices and 
lessons learned during the project for the next projects, without the 
documentation company rely on the memories of employees and in case 
some employees left the company or absent that will affect the project 
progress.[6] state that, Agile methodologies appear as a way that 
advocates developing without discipline, planning, and documenting: 
“This is nothing more than an attempt to legitimize hacker behavior.” [3, 
6] 
5 HARDWARE PRODUCT DEVELOPMENT 
[2] invented the triple-A system (Adaptive and flexible, Agile, Accelerated) to 
develop the Stage-Gate system for firms looking for creating new idea-to-
launch systems. For example, sprints and time-boxed increments are part of 
the new system. The triple-A system provides the possibility to create a hybrid 
approach based on Stage-Gate and Agile. Thus, Agile is embedded in each 
stage to provide flexibility and reduce the risk. The author comments that it is 
impossible to get a 100 % accurate product definition before development. 
The author suggests that the product may have less than 50 % defined in the 
beginning, while the rest comes during the development according to the 
customer feedback, new information, and changing conditions. Each stage 
consists of several iterations. These iterations encourage teams to fail often, 
fail fast, and fail cheaper, that what Steve Jobs applied throughout his 
development career. [2, 7] 
Cooper (2016) confirms that integrating Agile-Scrum methods into Stage-Gate 
for formulating hybrid model is the most existing and significant change to the 
new product process since the author introduced of gating systems. Scrum is 
one of the most popular frameworks of Agile that is used often in conjunction 
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with Stage-Gate. The author states that iterations are “usually restricted to the 
development and testing stages”, while it could be applied to the early stages 
of the innovation process, concept development, or building the business 
cases. Omicron, an Austrian company, implements Agile principle into Stage-
Gate to manage innovative projects. The company has developed two hybrid 
models, in the first model (ATOM) the company implements Agile principle 
into Stage-Gate while incrementing and time-boxed in the development and 
testing phases. The second model (BTOM) for managing risky projects by 
providing a “breathing room”. In the second model, the managers approved 
the idea and provided the resources for six months without any roles and no 
review. The teams use sprints during that period, and they have to 
demonstrate something that had been proofed by the customer. At that point, 
the manager could eliminate the project, switch to Stage-Gate, or continue the 
exciting process for another six months. [21, 22]  
Corning implements this new hybrid model. The company established upfront 
planning for the project with (40% - 70%) from the requirements. In addition, 
the company subdivides the development and testing phases into increments, 
each increment last for two-three months. Within these increments, teams 
using weekly meeting instead of daily standup meeting. At the end of each 
sprint, the team has to deliver something that can be demonstrated to 
stakeholders. Thus the project moves quickly, and it does not necessarily 
have to wait until the next gate for the Go/Kill decision. [2]  
The company Gleason, the world leader in machine tools and gear 
manufacturing tools, implemented the Agile with Stage-Gate (Fig. 1) under the 
supervision of AS&P, a consulting company. The company used the Scrum 
framework tailored the hybrid model to fit well with the company’ project. The 
development teams consist of participants from different disciplines while they 
share a common level of knowledge and locate in different locations. Video 
conference is used to facilitate communication among teams. The company 
chooses to conduct a daily meeting for each team members. [20]  
[22] summarizes the benefits of combining Agile with Stage-Gate, based on 
many cases from Denmark, Sweden, Germany, and the USA., these benefits 
are; Get the right product, deals with uncertainty, accelerate development, 
focuses teams, improve teams’ communication. [22] 
Scrum framework can be applied in hardware product development by focus 
each sprint on a particular component of the system after the component is 
well defined in that sprint, the teams can start planning for the integration 
between them in the following sprints. Making early prototypes, minimum 
viable product (MVP), and rapid technology will reduce the feedback loop, 
cost, and time. However, in some cases, Scrum could not be a simple possible 
solution. Scrum has to be adapted to fit in hardware development projects 
[25]. Scrum provides a good amount of success in SMEs, while for developing 
large projects, Scrum shows a lack of proficiency in this field. In that case, 
using a website instead of daily Scrum workshops to solve multiple teams’ 
problem could improve the implementation of Scrum in large projects. [26] 
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Figure 1: Gleason hybrid approach: Stage-Gate with Agile-Scrum [20]. 
For large companies, it is more challenging to apply Agile since the current 
Agile frameworks are not supporting large projects, implementing Agile 
without adaption will decrease the feasibility and maintain a high degree of 
communication among teams will be a hard task. [15] studied the 
implementation of scaling Agile frameworks in mechatronics industry with six 
companies in the Nordic region. The development teams in those companies 
using Agile, while the overall process is governed by a holistic Stage-Gate or 
V-model. Those companies are following large-scale Agile framework such 
as; SAFe and LESS [19] [23] [24]. Those company mentioned more benefits 
(26 statements) compared to the challenges (9 statements). The main benefit 
was a high-quality product, while the main challenge was lack of flexibility. The 
best practices are that the development teams apply three feedback loops. 
 The local or inner loop, in which a single team is developing their tasks 
and testing it every sprint. 
 Middle, or integration loop, in which the teams coordinate the integration 
among each other to successfully assemble the sub-system, with 
containing all testing tasks and validations. 
 Customer feedback or outer loop, in which the teams demonstrate the 
outcomes to the customers to get the feedback. 
 
These three loops facilitate organizing the activities, especially for integration 
among teams, which is one of the most challenges of scaling Agile. The 
authors point out that “using common platforms to develop multi-products in a 
product family speed up the development and facilities adding and modifying 
features”. 
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Pedross [6] developed a framework based on a scaled Agile framework SAFe; 
it called Applied SAFe [6]. According to the author, Applied SAFe is a 
combination of SAFe, the Scaled Agile Framework and Stages, the world-
leading process management tool into one product. There is no sufficient 
information regarding how that framework works, but since it builds based on 
SAFe framework so it used multi-level iterations as the MAHD framework by 
Simpson and Hinkle.  [16, 18]  
Dorian Simpson and Gary Hinkle developed the MAHD framework based on 
the Scrum framework. The MAHD Framework, as shown in Fig. 2, uses Agile 
principles to develop hardware products [17].  
 
 
 
Figure 2: The MAHD framework [17]. 
The major challenges MAHD Framework addresses for developing a physical 
product are to plan for the product before starting the execution by considering 
designs, architecture, dependencies, high-level. The MAHD Framework 
includes two levels of cycles that must be considered to accommodate the 
needs of hardware development. Before the project starts, there is ON-RAMP, 
which is a planning phase for the entire project; usually, it lasts one to three 
weeks. The ON-RAMP consists of five elements: 
 User stories: Agile tools needed to develop the requirements. 
 Requirements: break down the user stories to functional and non-
functional requirements.  
 Focus matrix: planning for integration and estimating the dependencies 
between teams’ work.  
 Iteration plan:  planning for the whole project high-level iterations and the 
outcomes of each one of them. 
 Task Backlog: contains all prioritized task for the project. 
 
Agile Methodology for Physical Product Development: Limitations and Solutions 
140 
As mentioned, MAHD Framework has two levels of cycles, the first one 
(internal) last two-to-eight weeks where MAHD cross-functional teams will 
review the task backlog, clarify tasks and determine the number of tasks they 
can commit to during the sprint. The goal of such a sprint is to integrate the 
work of all teams. The second or high-level iteration is to close the loop with 
the customers and stakeholder by demonstrating the prototype, physical 
product, foam module, or 2D/3D drawing, which facilitate the teams to gather 
the feedback. Finally, the MAHD Framework provides a daily stand up 
meeting for team members to share the current progress of their tasks. In 
summary, MAHD Framework modified and applied five crucial areas of Agile 
to hardware products. [16] 
6 CONCLUSION 
Agile principles are dynamic, so there is no one right solution about the best 
way of implementing Agile for Physical product development. Most of the firms 
use different methods such as: integrating Agile with Stage-Gate, modified 
Agile framework, or integrating Agile with the traditional approach.  
Table 1: Best practices to eliminate the limitations of Agile methods in 
Physical NPD domain. 
 Limitations Best practices 
1 Selecting the framework Each organization has to choose 
and tailor in its way  
2 Early stages of development Use a traditional approach 
3 Most common Agile framework to 
use 
Scrum framework 
4 Customer involvement  Use a different level of the sprint 
(team level, integration level, 
customer level) 
5 Sprint 1-3 months 
6 Standup meeting Once a week 
7 Documentation Need to minimize but still required 
8 External dependencies Flexible contract with suppliers 
9 Testing Software and hardware teams 
have to test without dependences 
on each other.  
 Modularization of the products Use prototype, Visualization 
 
 
 
However, there are specific benefits when Agile used in physical NPD. Also, 
Agile can be used to manage the fuggy project with high risk. However, Agile 
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is not suitable for well-defined projects. The best practices, according to the 
literature review, are summarized in Table 1. 
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Abstract 
The development of an appropriate supplier selection process is one of the 
crucial steps in supply chain management. Finding the proper supplier can 
help to reduce cost and to eliminate wasting time. In fact, decision making 
regarding supplier selection has a critical role in production and logistics 
management. Inappropriate decisions in the field of supplier selection can 
have a negative impact on corporations. Even managers have concluded that 
the price alone cannot be a sufficient index for choosing suppliers. Criteria as 
quality, reputation, experience, and risk must be considered in the selection 
of suppliers. Undeniably, the introduction of system dynamics will bring a new 
vision in this area. This paper aims to develop and apply a mathematical 
model and its combination with system dynamics to provide a solution for the 
selection of suppliers. In addition to quantitative modeling and achieving an 
equilibrium point in solving the model, a qualitative study of this issue is 
addressed.  
Keywords: 
System dynamics, Supply chain management, Mathematical programming  
1 INTRODUCTION 
The process of planning, designing, implementing, and controlling the 
operations of the supply chain network to meet the customer requirements as 
efficiently as possible, is known as supply chain management (SCM) [1]. SCM 
becomes a key enabling strategy for firms to achieve globalization. The 
selection of appropriate suppliers plays a crucial role in a value chain and is a 
central element of SCM. For that reason, the evaluation of suppliers has 
become an important factor in global supply chains. A supplier can be defined 
as a person or an entity (project organization or company) that is the source 
to provide goods or services. Supplier innovation implies on ''supplier’s use of 
the new or improved product, service, or process activities relative to the 
supplier's current activities'' [2].  
Besides the mapping of responsibilities inside the company, SCM can 
manage the information outside of the company. A typical supply chain 
comprises six components which are depicted in figure 1. The graph displays 
the simple life cycle of a product or service from the first to the final step. A 
successful supply chain needs to focus on the integration of independent 
companies because of their interdependencies. For instance, there will be a 
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negative impact on the entire chain if one member of the supply chain fails to 
deliver on time.  
 
 
 
Fig.1: Supply chain’s scope in a global company [3]. 
In order to globalize the economics of firms, SCM deals with a wide variety of 
logistics and purchasing elements with diverse businesses and different 
customers. With high-level integration, the supply chain can be an intensely 
complex and challenging issue for some enterprises. Achieving affordable and 
on-time feedback to varied demands requires a powerful system that is usually 
supported by information technology (IT).  
While a traditional supply chain is conducted without perceiving ecological 
issues, the current concentration on environmental problems raises new 
aspects in SCM. With respect to recent studies, the focus on environmental 
maintenance has become a significant trend among companies [4]. Green 
supply chain management (GSCM) has been implemented as a strategy by 
leading industry companies and puts pressure on their suppliers to achieve a 
certain level of environmental performance and stimulating operational 
cooperation of all supply chain members. The green supply chain approach 
seeks to reduce the ecological impact of a product to a bare minimum. A 
typical example of a GSCM operation is shown in figure 2. The supplier 
selection problem is obviously a critical issue in green supply chain 
management.  
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Fig. 2: Workflow of the GSCM process, derived from [4]. 
For industries, which are considering new product development, a new market 
or purchases of assets and facilities for their production lines, it is essential to 
evaluate the current suppliers, and if necessary select new ones in order to 
meet the requirements. The following describes criteria, which are assumed 
in current research. 
2 STATE OF TECHNOLOGY 
2.1 Criteria of Supplier Selection 
The investigation of supplier selection criteria has started in the 1960s when 
it was known as vendor selection [5]. Currently, several research activities 
address the Multi-Criteria Decision-Making (MCDM) of supplier selection. 
MCDM method is being done in order to use for complex decisions and 
execution multi-criteria of optimal evaluations instead of single criteria. One of 
the principal parts of this process is to determine related factors and criteria 
for appropriate suppliers. As various criteria have to be discovered, the 
process of selection is critical for increasing the company’s competitiveness 
and requires the assessment of different suppliers based on various criteria 
[6]. Because of the increasing complexity of supplier management, this 
process has significantly grown in importance over the last few decades. This 
paper summarizes a selection of research publications that are the basis for 
the presented approach. 
In today’s markets, both qualitative and quantitative factors are considered [7]. 
According to experts, there are many criteria such as cost, quality, process 
capability, and on-time delivery which affect choosing the proper supplier. 
Recently, green criteria like environmentally friendly transportation have 
gained importance [8]. 
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2.1.1 Selection of supplier criteria 
Supplier selection criteria have changed over time. In a traditional approach, 
supplier selection is only based on price. However, some researchers have 
stated that just attention on price as a single criterion is not effective [10]. 
Table 1 gives an overview of selected supplier selection criteria sorted by 
relevance and distinguished between qualitative and quantitative elements.  
Table 1: Supplier selection criteria based on the distinction factors, 
according to [11]. 
 
 
 
In contrast, some scholars support the opinion that quality has been one of 
the main criteria for supplier evaluation even in the past years. Dickson 
considers that among 23 criteria quality is the crucial criterion for supplier 
evaluation, as illustrated in table 2 [16]. Evaluating quality as one of the 
principal factors for supplier selection is extremely significant. Holjevac 
defines quality as follows: (a) quality denotes to the ability of goods or services 
to constantly meet or exceed customer’s expectations; (b) getting what you 
have paid for that means quality; (c) quality is not something that is adopted 
as a special feature; as an alternative, it is an important part of a product or 
service [17]. 
In this research, selection criteria are grouped into intangible and tangible 
factors, as shown in table 2. Tangible factors are quantitative ones, which are 
possible to count or measure. These factors can be in the form of the total 
costs of a product throughout the whole supply chain [9]. Intangible or 
qualitative factors are not countable, such as quality, service, brand 
reputation, and flexibility. They need to be weighed instead of counted in order 
to reach the right decision in supplier selection [9]. According to most inquiries, 
diverse criteria exist for the evaluation and selection of suppliers.  
 
Supplier selection criteria 
Author Qualitative Quantitative 
Weber et al. 
(1991) [12] 
3) Quality 5) Geographical location 
1) Net price 2) Delivery  
4) Production facilities & capabilities, 
Kannan & 
Keah (2003) 
[13] 
1) Quality 2) Service level 4) Quick 
response time in case of emergency 
5) Flexibility to respond to 
unexpected demand  
3) On-time delivery 
Nassimbeni & 
Sarto (2006) 
[14] 
1) Quality 5) Know-how & product 
uniqueness 
2) Price 3) Vendors financial solidity 
4) Delivery punctuality 
Tahriri et al. 
(2008) [7] 
1) Quality 4) Trust 2) Delivery 3) Direct cost 5) Financial 
Peng et al. 
(2015) [15] 
1) Quality 4) Rejection rate control 
5) Toxic chemical usage control 
2) Cost 3) On-time delivery 
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Table 2: Supplier selection by qualitative and quantitative criteria, 
based on [16]. 
Rank 
 
Criteria 
Qualitative Quantitative 
1 Quality ×  
2 Delivery ×  
3 Performance history ×  
4 Warranties and claim policies ×  
5 Production facilities & capacity  × 
6 Price  × 
7 Technical capability ×  
8 Financial position  × 
9 Procedural compliance ×  
10 Communication system ×  
11 Reputation and position in the industry ×  
12 Desire for business ×  
13 Management & organization ×  
14 Operating controls ×  
15 Repair service ×  
16 Attitude ×  
17 Impression ×  
18 Packaging ability ×  
19 labor relations record  × 
20 Geographical location ×  
21 Amount of past business  × 
22 Training aids ×  
23 Reciprocal arrangements ×  
 
 
 
After the determination of criteria, the factors need to be weighted with 
specified methods regarding feasibility and need-assessment. 
2.1.2 Methods of criteria evaluation 
Although there is no standard process, most researchers state that the original 
objective of supplier selection is to prepare a technique to select the best 
suppliers. This is associated with obtaining a competitive benefit in achieving 
supply chain objectives. Decision-makers are forced to apply the best method 
and exert accurate criteria to examine and solve supplier selection problems. 
Because of the prospects of varied industries, firms can choose different 
methods adjusted to their specific situation. The selection of methods has a 
major influence on the result of the process. Though many methods exist for 
supplier selection, combined approaches are highly useful [18], such as Data 
Envelopment Analysis (DEA) and Multi-Objective Decision-Making (MODM). 
Referencing recent studies, the main aspect of the research has been MCDM 
techniques. While most of them only follow an economic perspective and a 
minority includes environmental and social parameters [18], this research 
considers sustainability and four additional qualitative criteria, as explained in 
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the following discussion. The integration of system dynamics and 
mathematical programming (MP) is employed to present a new strategy for 
supplier selection in terms of combining both qualitative and quantitative 
criteria. 
2.2 System Dynamics 
An approach, broadly based on causal relation and the structure decision 
behavior, is known as system dynamics. This system is a constructive strategy 
to tackle complex systemic problems which integrate quantitative and 
qualitative methods, based on reaction control theory and using computer 
simulation technology as its measure [21]. 
Organizations need to continuously improve their manufacturing systems and 
develop new strategies in order to keep up with customer demands. Hence, 
suppliers can significantly influence business development. Most of the 
research sources consider either only tangible or intangible parameters and 
do thus not deliver a comprehensive evaluation. 
This research aims to present a different way of analysis. In order to achieve 
long-term effectiveness, a firm must consider the dynamic evolution of the cost 
structure, which is often caused by the suppliers’ innovating activities [20]. 
Therefore, an equilibrium model is proposed that is derived from system 
dynamics simulation. That model requires numerical information. 
Managing the supplier’s innovation and benefiting from it requires systemic 
approaches encompassing the two possibly conflicting perspectives of 
manufacturers and suppliers. Kim states two specific questions in this case 
[20]:  
I. What is the relationship between the supplier’s innovation capability and 
the manufacturer’s support level? 
II. How would the manufacturer’s amount of subsidy be affected by the 
uncertainty of market demand?  
In order to answer these questions, Kim´s approach is to set up and solve an 
analytical model using system dynamics simulation [20]. It is assumed for this 
model that the primary objective of the system dynamics simulation is to 
determine the optimal amount of a manufacturer’s support for supplier 
innovation. 
The reference study indicates that there is also another model in charge of the 
response to who needs multi-supplier. Most of the parameters, variables, and 
dynamic relations used in this two-supplier model are similar to those in the 
single-supplier case. The most important difference is that the manufacturer 
now has an option to obtain its resources from more than one supplier. There 
are a few changes and additions in the two-supplier model due to this 
difference [20]. 
Therefore, the combination of this technique with the application of DEA model 
could be constructive for the selection of suppliers based on suitable 
parameters. The DEA tool is one of the most popular models of MCDM for 
supplier selection. Indeed, the usage of DEA is useful in various aspects of 
performance evaluation and supplier selection. Generally speaking, the first 
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presupposition of this tool in supplier selection is performance evaluation and 
discriminate efficient and inefficient suppliers by a simple partition, the second 
one is the investigation of uncertainty and risk in suppliers’ inputs or outputs. 
3 INNOVATIVE SOLUTIONS 
Developing new products and technologies drives the progress of industries. 
The recent reviews of the literature on this subject found that suppliers can be 
vital sources of innovation. For this reason, the supplier selection process can 
play a key role in improving the efficiency and effectiveness of businesses. 
Some of these industries are the automotive industry, food industry or 
Information and Communication Technology (ICT) like software or mobile 
devices industries. An example regarding Microsoft Office illustrates how 
innovation and market success are enabled by the selection of an appropriate 
supplier.  
3.1 Example of innovation based on supplier selection  
As the role of mobile devices in global competition expands, mobile software 
developers have become a driving force for innovation. In the past, Microsoft 
was unable to support all programs. Instead, it supported Windows only. As 
Microsoft strived to provide development software, it has acquired Xamarin, a 
leading platform provider for mobile app development. In association with 
Visual Studio, Xamarin offers valuable mobile developments that not only 
permit developers to build mobile applications using C# but also deliver fully 
original mobile app experiences to all main devices – including iOS, Android, 
and Windows. Xamarin’s approach empowers developers to take advantage 
of the productivity and power of .NET to build mobile apps and to use C # to 
write to the full set of native APIs (Advanced Passenger Information System) 
and mobile capabilities provided by each device platform. While still delivering 
fully native experiences for each of the platforms, this plan enables developers 
to easily share common app code across their iOS, Android, and Windows 
apps. Xamarin’s novel solution has fueled amazing growth for more than four 
years [19]. Hence, Microsoft kept strengthening its position in the global 
competition with the proper supplier selection solution. 
3.2 Development of an extended general model with system dynamics 
In this research, a new model is developed based on prior models. As the 
previous models ignore some qualitative factors such as quality or service, it 
is not possible to recognize all parameters. Nowadays, to determine proper 
suppliers needs plenty of qualitative elements. In addition, it assists to have a 
long-term relationship between the manufacturer (customer) and supplier. To 
support this, the presented work tries to connect additional qualitative 
parameters to establish system dynamics models. This approach enables a 
balanced system to determine the right supplier. System dynamics is able to 
illustrate features from qualitative parameters.  
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To create an accurate model for the selection of a supplier, the four qualitative 
parameters quality, service, supplier profile, and delivery are denoted. This 
model could be a more feasible approach for most companies. The aim of this 
work is reaching a comprehensive model that considers qualitative and 
quantitative parameters simultaneously. Thus, it is based on a situation in 
which the manufacturer has a supplier partner. It is logical to assume that the 
network profit is generally an appropriate performance indicator for the 
network consisting of manufacturer and supplier. The extended model is 
introduced into the simulation model. Thus, it develops a part of an optimal 
solution. From the simulation analysis, some managerial implications could be 
learned.  
As illustrated in figure 3, increasing supplier innovation, which is supported by 
the manufacturer's supplier subsidy, could have a positive influence on the 
quality. In a similar case, the supplier profile has a constructive impact on 
quality as well as on supplier capability. Regarding service it is obvious, the 
higher the level of service, the higher the quality. 
 
 
 
Fig.3: Extended general model. 
Afterward, the output of system dynamics is transferred to mathematical 
programming with using DEA model, as shown in figure 4. The integration of 
system dynamics and DEA tool could be a good match for the analysis of 
supplier performance. This paper advocate that this idea is constructive due 
to some reasons. First, the supplier selection problem is part of optimization 
issues. Regarding this issue, on the one hand, an evaluation of the 
performance is needed for supplier selection. The DEA method with different 
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(numerical) criteria can be used to achieve this target. On the other hand, 
system dynamics identifies cause and effect relationships and shows these 
connections, so it helps to make a simulation for different variables based on 
qualitative and quantitative criteria. Furthermore, it can incorporate long term 
decision strategies for each company. 
 
 
 
Fig 4. Combination of SD and DEA. 
Therefore, the solution makes a ranking index based on an ideal solution; 
Suppose that in a group MCDM problem, there are K decision-makers 
k=(1,2,..,K), m alternatives A_i=(i=1,2,…,m), and n decision criteria 
C_j=(j=1,2,…,n).  
Reference to the DEA method and using these following relations [22]: 
              𝑆𝑖 = ∑ 𝑅𝑎𝑛𝑘 (𝑤𝑗)
𝑛
𝑗=1
(𝑓𝑗
∗−𝑅𝑎𝑛𝑘 (𝑓𝑖𝑗)
(𝑓𝑗
∗−𝑓𝑗
−)
 (1) 
                𝑅𝑖 = max
𝑗
{𝑅𝑎𝑛𝑘 (𝑤𝑗)
(𝑓𝑗
∗−𝑅𝑎𝑛𝑘 (𝑓𝑖𝑗)
(𝑓𝑗
∗−𝑓𝑗
−)
}     (2) 
To formulate the DEA model, it is generally assumed that all inputs are similar. 
However, not all inputs influence efficiency in the same direction. Quality and 
cost are good examples. It makes sense to expect some desirable and 
undesirable inputs to appear in the same model [22]. This model requires a 
further extension to be able to deal with both desirable and undesirable inputs 
and outputs simultaneously [22]: 
𝑀𝑖𝑛  1 +
1
𝑚
(∑
𝑠𝑖2
+
𝑅𝑖
−
𝑖∈𝐼𝐷
+ ∑
𝑠𝑖2
+
𝑅𝑖
−
𝑖∈𝐼𝑈
) (3) 
Innovation of Supplier Selection 
152 
Subject to: 
∑ 𝜆𝑗𝑥𝑖𝑗
𝑛
𝑗=1
𝑗≠0
+ 𝑠𝑖1
+ − 𝑠𝑖2
+ = 𝑥𝑖0
𝐷          𝑖 ∈ 𝐼𝐷 (4) 
∑ 𝜆𝑗(−𝑥𝑖𝑗 + 𝑤𝑖)
𝑛
𝑗=1
𝑗≠0
+ 𝑠𝑖1
− − 𝑠𝑖2
+ = −𝑥𝑖0
𝑈 + 𝑤𝑖          𝑖 ∈ 𝐼𝑈 (5) 
∑ 𝜆𝑗𝑦𝑟𝑗
𝑛
𝑗=1
𝑗≠0
− 𝑠𝑟
+ = 𝑦𝑟0
𝐷          𝑟 ∈ 𝑂𝐷 (6) 
∑ 𝜆𝑗(−𝑦𝑟𝑗 + 𝑤𝑟)
𝑛
𝑗=1
𝑗≠0
− 𝑠𝑟
+ = −𝑦𝑟0
𝑈 + 𝑤𝑟          𝑟 ∈ 𝑂𝑈 
 
(7) 
𝜆𝑗, 𝑠𝑖1
− , 𝑠𝑖2
+ ≥ 0    𝑖 = 1, … , 𝑚 ; 𝑟 = 1, … , 𝑠;    𝑗 = 1, … , 𝑛 (8) 
Hence, this mathematical model can be combined with an extended general 
model and will help to determine a proper supplier based on demands. 
4 CONCLUSIONS AND OUTLOOK 
This paper shows that qualitative and quantitative evaluation criteria must be 
determined for obtaining a suitable supplier selection. Earlier methods 
apparently come to the conclusion, that most of the models are unreliable. 
With system dynamics, it is proven that an equilibrium point can be achieved 
which evaluates both quantitative and qualitative parameters. The output of 
system dynamics is unique; however, it can be applied in a variety of industries 
like the food industry, production of medical devices or technology parts. 
System dynamics considers one model that not only includes a relationship 
between supplier and manufacturer but also a complementary relationship 
between suppliers. As a result, one supplier’s innovation could increase the 
other’s profitability as well. The evidence from this study suggests that system 
dynamics is one of the best solutions for supplier problems. This paper 
focuses on the importance of qualitative elements for companies and presents 
one extended comprehensive model. The presented graphical model is 
especially proposed for the assistance of the development of companies. In 
addition, the equilibrium point attained with mathematical programming 
defines a new vision for the business which delivers a framework for 
manufacturing demand. As a result, this model is a conceptual model that 
considers both qualitative and quantitative criteria. 
There is a considerable amount of literature on supplier issues but the 
described models cannot support a long-term relationship. Whereas with 
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system dynamics, the development of long-term relationships is possible. The 
demonstrated model, which is a combination of mathematical programming 
and system dynamics, can be an innovative solution for supplier selection. 
Albeit the presented findings have important implications for solving supplier 
selection problems, it can be argued that the process has some shortcomings. 
Despite some evidence to support this argument, future research can aspire 
to obtain other perspectives for this approach. Nevertheless, in the first step, 
the applicability of the presented approach has to be proven by applying it to 
existing case studies. The validated models can easily be extended to 
encompass decision making on outsourcing in a universal market. In addition, 
the upcoming study can aim to find objective functions adapted to the case 
studies. 
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Abstract  
The fourth industrial revolution, also referred to as Industry 4.0, is a disruptive 
transformation process aimed which, by means of digital technologies, is 
substantially innovating the value creation processes in all industry contexts. 
With such premise, industry 4.0 is in particular expected to have a substantial 
impact on the maritime transport and shipping sectors, where smart ships and 
autonomous vessels are expected to be the building blocks of a new 
interconnected maritime ecosystem. The application of Industry 4.0 principles 
to the shipping domain (Shipping 4.0) has thus raised a scientific debate about 
the efficiency, sustainability, and safety of maritime transport. Recent 
researches, however, mostly focus on technological aspects, neglecting the 
issues related to the current dynamics of value creation in the shipping 
industry. This paper addresses such topic by discussing the shortfalls of the 
current industrial practice and the existing gap with the next generation 
concept.  
Keywords: 
Industry 4.0, Shipping, Value chain, Fleet management 
1 INTRODUCTION 
In the last two decades, all the developed countries have experienced a 'de-
industrialization' process consisting of a decline of the contribution of the value 
added by manufacturing to the economy. Such situation is clearly highlighted 
by the reduction in the United States’ share of global manufacturing activity 
from 28% in 2002, to 16.5% in 2011, while in Europe it has dropped from 
18.8% to 14.7% in the period 2000-2014. Since the manufacturing sector is 
generally recognized as a main driver of economic growth and productivity, 
the government institutions have put their efforts in formulating appropriate 
industrial policies in order to counteract such decline. The European 
Commission, for example, set its sights on increasing the share of 
manufacturing in total gross value added to 20% by 2020. In such context, the 
fourth industrial revolution, with its disruptive innovation potential, is 
considered a fundamental strategy towards the “manufacturing renaissance”, 
with a substantial economic impact expected on all the most significant 
industrial sectors. In such context, the program “Industry 4.0” has been 
Shipping 4.0: General Framework for a New Cybershipping Era 
156 
promoted by the German government at the beginning of the second decade 
of the twenty-first century, as a “new” manufacturing paradigm for the third 
millennium. Such paradigm involves the application of important technological 
innovations and implies the creation of value and competitive advantages 
through the interconnection of the entire organization (workers, machines, 
systems, assets, etc.). The subsequent deployment of the deployment of 
Industry 4.0 (I4.0) across the entire EU, is now promoting the Interoperability 
among the systems, the people, and the environment, to achieve real-time 
operation capability and decision making. By implementing such paradigm, 
smart manufacturing systems will work in a decentralized way to improve 
production processes accordingly to the demand, within a seamless 
interconnected environment. The achievement of such objective relies on 
significant technological advances in the areas of information and 
engineering, and in particular, on the implementation of some key enabling 
technologies, such as: Internet of Things (IoT), Big Data, Mobile and 
Augmented Reality, Additive Manufacturing, Cloud-based services, and 
Cybersecurity [1, 2, 3, 4, 5, 6].  
The fourth industrial revolution is also expected to have a substantial impact 
the maritime industry which encompasses a wide range of activities, including 
core maritime activities (e.g. fishing, shipbuilding, shipping, ports, offshore 
energy), tangent activities (e.g. equipment manufacturing, financial services, 
tourism) and indirect activities (e.g. miscellaneous manufacturing industries, 
logistic services). The European maritime cluster is subdivided into 7 main 
categories (Maritime transport; - Food, nutrition, health and ecosystem 
services; - Energy and raw materials; - Leisure, working and living; - Coastal 
protection; - Maritime monitoring and surveillance - Shipbuilding and ship 
repair), and the related economy (“blue economy”) represents generates a 
gross added value of almost €500 billion a year. In such context, with 
European companies owning 41% of the world’s total fleet (in dwt), Europe 
plays a major role in today’s shipping world, and the European shipping 
industry supported a € 57 billion contribution to GDP in 2015 (ECSA). The 
recent “Ocean Economy in 2030” report edited by the Organization for 
Economic Co-operation and Development, or OECD estimates that the Ocean 
Industries can double their contribution to Global Value Creation by 2030 with 
an increased demand for shipping, shipbuilding, marine equipment, and 
related services. Such increase will heavily rely on the substantial technology-
based innovation introduced by the I4.0 paradigm, which will be the foundation 
of a future maritime ecosystem where specific cyber-physical systems (“smart 
ships”), characterized by new design criteria and operational requirements, 
will replace traditional vessels in a fully interconnected future maritime 
ecosystem (Shipping 4.0) with enhanced efficiency, and sustainability. With 
the increasing technical development and digitalization, the shipping industry 
is thus undergoing a process of digital transformation that reflects the growing 
need for better data collection, data processing, and data networking. The 
future of the shipping industry is therefore dependent on the process of digital 
transformation and requires suitable systems for real-time acquisition, 
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transmission, storage and analysis of a big amount of relevant data. The 
digitalized and intelligent networking of data is expected to bring significant 
advantages to the shipping industry, reducing their operational costs, while 
increasing the overall revenue and extending the service life of machines. 
Digitization is thus expected to provide great potential for maritime shipping 
companies [7]. Traffic, port logistics, and just-in-time shipping will change as 
an electronic revolution takes shape with Big Data and the increasing 
networking of technologies [8]. Several evidences, in fact, show that an 
intelligent data networking helps to reduce maintenance costs and to increase 
the propulsion system efficiency thus achieving significant power saving, 
which in certain cases can be as high as 15% cost reduction. Additionally, the 
ships of the future will meet strict requirements related to pollution, and Energy 
Efficiency. With the aims of promoting, the use of more energy-efficient and 
less polluting equipment and engines the International Maritime Organization 
(IMO) agenda of the United Nations responsible for maritime affairs issued in 
2013 the MARPOL convention to define the fundamental requirements for the 
maritime shipping sector. Such requirements, which will be tightened every 
five years and will substantially influence the power distribution and fuel 
consumption in the smart ships of the future. However, up to today we are just 
in the early stages of implementation of such systems, and vessel builders 
and equipment manufacturers are starting to adopt new sensor technologies 
and to transmit data to land-based service centers. The HEalth MOnitoring 
System (HEMOS) by Rolls Royce and the Wärtsilä Propulsion condition 
monitoring service (PCMS) are a significant example of such developments. 
However, due to the wide scope of application of such technologies, several 
different frameworks can be found in the literature for the design and 
implementation of architectures for shipping information management 
(Lambrou and Ota 2017, Rødseth, 2017). However, as discussed before, I4.0 
is primarily a business model innovation rather than the acquisition of new 
technologies. This paper aims at discussing this issue which appears scarcely 
considered in the current approaches to shipping 4.0.  
2 THE SHIPPING INDUSTRY BUSINESS MODEL AND THE DYNAMICS OF 
VALUE CREATION 
The term “business model” started appearing in the literature in the late 1990s 
with early work from, for example, [9, 10, 11] where it was introduced as a 
network “architecture” with a focus on the different roles of the actors and their 
interactions and relationships. Such definition has been reformulated in 
subsequent studies, and it is nowadays considered quite outdated. More 
recent definitions of other authors [11, 12, 13] make an explicit reference to 
the concept of “value”, and highlight the importance of the dynamics of value 
creation and as an essential element of the business model. Referring to the 
concept of value creation, from a general economic perspective we can say 
that that value is created when a business earns revenue that exceeds the 
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expenses. In modern knowledge economies value is increasingly being 
created more by intangible drivers such as research, innovation, branding, 
ideas, and networks, which usually provide indirect rather than direct benefits 
[14]. The modern dynamics of value creation, hence, are much more 
complicated and the basic economic view must be substantially revised. 
Referring to the context of transportation activities, we can say that at a 
general level, the chain of maritime shipping consists of a sea voyage and two 
land-based transportations. The transportation begins at the production site, 
where the commodities or goods are usually stored before being shipped. 
From this location, they are transported to the port by a truck, train, conveyor, 
or pipeline, etc. At the port, they are usually stored again before being loaded 
on a ship. The ship carries it to the port of arrival, where it is discharged and 
usually stored before being transported to its final destination [15]. 
 
 
 
Figure 1: the maritime shipping chain. 
Although this is an extremely simplified supply chain model, which does not 
highlight many significant differences from, e.g. liner shipping to bulk shipping, 
it gives a good starting point for analyzing the various actors within the chain. 
In the maritime chain of transportation, the most important carrier is the 
shipping company or shipping operators, which provide the actual 
transportation from port A to port B. Many shipping companies have, however, 
also integrated backwards and are increasingly engaged in port operations 
and land-based transportation. 
Concerning the dynamics of value creation in a shipping company, the general 
economic reference models [15] report three key variables that contribute to 
the creation of value: The revenue received from chartering/operating the 
ship, the cost of running the ship, and the method of financing the business. 
Such costs include the ship operating cost (expenses involved in the day to 
day running of the ship such as crew, stores, maintenance, etc.) the voyage 
costs (fuel, port charges and canal dues), the Capital costs (which depend on 
the way the ship has been financed) and the Cargo handling costs represent 
the expense of loading, stowing and discharging cargo (especially in liner 
trades). The general incidence of such costs is around 45% both for the 
operating expenses and voyage costs, and the remaining 10% for the capital 
costs.  
The economy of a shipping company is thus based on some well-established 
microeconomic models such as the relationship between the actual annual 
cost for operating the ship and the ship size [16]: 
𝐶 =
𝑂𝐶+𝑃𝑀+𝑉𝐶+𝐶𝐻𝐶+𝐾
𝐷𝑊𝑇
 (1) 
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where C is the cost per deadweight (dwt) per annum (p.a.), OC the operating 
cost p.a, PM the periodic maintenance p.a., VC the voyage cost p.a., CHC the 
cargo-handling costs p.a., K the capital cost p.a., DWT the vessel’s 
deadweight, t is the year and m stands for the ship.  
The evaluation of such costs in some cases relies on simple empirical models, 
which, despite their simplicity, are still deep-rooted in the industrial practice. 
The fuel consumption model, for example, is still frequently employed to 
calculate the fuel consumed as a function of the actual speed of the vessel: 
𝐹 = 𝐹∗ (
𝑆
𝑆∗
)
𝛼
 (2) 
Where F is the actual fuel consumption (tons/day), S is the actual speed, F* 
is the designed fuel consumption and S* is the designed speed. The 
component α has a value 3 for diesel engines and 2 for steam turbines. 
The basic revenue results from how much cargo the vessel can carry in the 
financial period measured in tons, ton-miles, etc. and the price or freight rate 
the shipowner will receive per unit transported. The revenue per dwt can be 
viewed as the product of the vessel’s productivity and the freight per ton mile.  
𝑅𝑡𝑚 =
𝑃𝑡𝑚∙𝐹𝑅𝑡𝑚
𝐷𝑊𝑇𝑡𝑚
 (3) 
Where R = Revenue per dwt/p.a, P = the productivity in ton miles of cargo p.a, 
FR = Freight rate per ton mile of cargo transported, t = time period, m = ship 
type 
Finally, the Profit is calculated by taking the total revenue earned by the 
business during an accounting period and deducting the costs which the 
accounting authorities consider were incurred in generating that revenue. The 
difference between cash payments and receipts in the accounting period 
represents the cash flow.  
On the basis of such equations, the approach towards tactical ship and fleet 
management by the ship-owner, consist in determining the operating speed 
of vessels considering the bunker costs and establishing appropriate freight 
rates as the result of an optimum tradeoff between ship’s speed and fright 
rates. In addition, the ship-owner must take into account the effects of lifecycle 
vessel depreciation considering that the ship is written off in equal proportions 
over its expected life ‘straight-line’ depreciation. 
In conclusion, although the above-described models have been critically 
reviewed from their historical backings due to their inconsistency and 
incompleteness [17], the modern economics of maritime shipping are still 
based on well-established dynamics of value creation and is still dominated 
by the “ton-mile metric”.  
3 THE “SHIPPING 4.0” BUSINESS MODEL 
Promoting a “shipping 4.0” business model means re-thinking the traditional 
value chain of the shipping industry, as described above, and designing new 
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operational processes with increased efficiency as a result of a substantial 
digitalization process. Such an approach cannot disregard the deep-rooted 
dynamics of value creation of the shipping industry but is should rather support 
the value chain through a substantial increase in the knowledge base and 
through the implementation of advanced analytics. The big challenge is hence 
to design and implement appropriate processes to improve and optimize 
operational, tactical and strategic decisions aimed at increasing the fleet 
performance, taking advantage of the information extracted by big data. In the 
following paragraphs, the main shortfalls of the current shipping industrial 
practice are discussed referring to the issues of value creation. 
3.1 Decision making and management processes 
As stated before, the decision processes of the traditional shipping industry, 
mostly rely on mathematical models and structured procedures to assist the 
decision-makers in operational, tactical and strategic management decisions. 
Referring to the general framework of decision making, this approach is 
defined as “model-driven” decision support (Power, 2001). Model-driven 
decision support can be employed to take structured or semi-structured 
decisions and is typically implemented through spreadsheets or “what-if” 
simulation models, etc. Model-driven decision making is nowadays a common 
business practice, in shipping operations management, as the vast literature 
Operational real-time optimization [18, 19], Maintenance management [20, 
21, 22], Operational delivery plan optimization [23] and Vessel benchmarking 
[24] confirms. The effectiveness of such approach and the quality of the 
results obtained, however, clearly reflect the quality of the underlying 
mathematical models, therefore critical assumptions and over-simplified 
mathematical models can substantially affect the significance of the results 
obtained. Such approach is nowadays considered outdated and scarcely 
effective unless the underlying mathematical formulation is very consistent. 
The advent of digitalization and the development of advanced analytics should 
eventually involve the switch to “Data-driven support systems” involving 
sophisticated data management and knowledge extraction methodologies, 
and including Advanced Analytics and artificial intelligence. Such systems 
require a large amount of data and complex calculations, therefore they are 
typically built on top of ICT infrastructures involving data warehouses and data 
processing. With the technological advances, the data mining capabilities of 
ICT systems have increased, and, with a consistent amount of operational 
data accumulated over time, they have become capable of extracting 
“knowledge” from information and creating value from knowledge, by means 
of Artificial Intelligence. The data warehouse has thus become a knowledge 
warehouse, and the recent category of knowledge-based decision support 
system has been defined. To become actionable, knowledge should also be 
closely integrated with an organization’s business processes. This aspect is 
still scarcely explored in the current literature on shipping 4.0 [25, 26]. 
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3.2 Technological gap 
Most shipping companies still base their decisions on noon to noon reports 
manually edited by the crew members [27] and rely on mathematical 
simulation models validated by tank tests for estimating the performance of 
their ships. Such approach suffers from some important limitations, as the 
estimation of the ship’s performance in actual seas, fully loaded conditions, 
and under the influence of external disturbances including wind and waves, 
can be substantially different from the calculations. In addition, the 
employment of noon reports manually edited on a daily basis by the ship’s 
chief engineer or by other crew members is a poor source of information, 
affected by the subjectivity of the author and prone to human errors. Noon 
report data is also a low resolution, non-standardized dataset reporting 
average values even for information that can undergo significant variations on 
a daily basis (e.g. weather conditions, fuel consumption, etc.) [27, 28]. 
In the context of the shipping industry, hence, the replacement of manual 
noon-record based reporting with automated sensor-based monitoring, 
involved in the  Shipping 4.0 paradigm, has led to a significant increase the 
amount and the quality of information generated, thus preventing human 
operators to perform individual calculations based on a mathematical model. 
The shift towards digitized information thus requires a substantial revision of 
the decision processes in the shipping industry and an epochal shift from 
model-based to knowledge-based decision support.  
Concerning the technological aspects of shipping 4.0, the frameworks 
currently proposed, promote the smart ships and autonomous vessels as the 
fundamental building block of a new and fully interconnected maritime 
ecosystem. Such view, however, appears quite futuristic considering the 
current scenario of the shipping industry in the national context. A ship is a 
complex engineering system, composed of many subsystems and 
components such as propulsion, command&control, electronic navigation and 
information system, ship automation, etc. Such systems are devoted to 
specific functions, and their operational status contributes to the overall 
functioning of the entire system. Currently, the monitoring functions of each 
subsystem or equipment are provided by the manufacturer, and a lot of this 
data is managed in a non-structured manner, using different codifications and 
formats, and is analyzed by human operators with elementary analytics. The 
shipping industry thus generates a huge amount of data from different sources 
and in different formats, including traffic data, cargo data, weather data 
machinery data, etc. In such situation, important features in the data can 
hardly be detected and this prevents the exploitation of information for value 
creation. When referring to the cliché of the “digital ship” as the extension of 
the “cyber physical system” to the shipping context, the issues related to the 
complexity of the system, the amount of data generated, and the lack of 
structured data processing procedures, must be addressed, from both the 
point of view of control engineering, and value creation. The digital ship hence 
is not just large-scale and complex, but they are also characterized by 
decentralized, distributed, networked compositions of heterogeneous and 
Shipping 4.0: General Framework for a New Cybershipping Era 
162 
(semi) autonomous elements, actively cooperating to strengthen the value 
chains of collaborative enterprises. 
The second key element of the Shipping 4.0 paradigm is represented by the 
interconnected platform where digital ships should operate autonomously or 
semi-autonomously. In order to achieve such objective, the digital ship should 
implement a digital information system allowing it to interchange data 
seamlessly with other ships (ship-to-ship) and with infrastructures onshore 
(ship-to-shore). Up to today, this is still a critical issue, in fact maritime wireless 
communication is much differentiated from its terrestrial counterpart because 
service environments are distinctly different. Global maritime communication 
between sea users and the rest of the world is technically developed and 
provided, but at a high cost. In general terms, communication from ship to ship 
or ship to shore is either with line of sight (LOS) type communication or 
communication via a “relay station” which almost always is a space satellite.  
LOS communication is based on radio systems and can be used for short-
distance communications due to the significant limitations in bandwidth or 
coverage. Wi-Fi, for example, is merely applicable for onboard purposes and 
close to shore (e.g. in harbors) due to its limited range. Recently WiMAX 
technology has been considered a viable option for medium- to long-range 
broadband maritime communications, being theoretically capable of providing 
data rates > 20 Mbps at ranges up to 50-100 km [29], however, problems with 
licensing and frequencies make this technology less relevant. Consequently, 
up to today, satellite communications are the only viable alternative for long-
distance communications, although it is an expensive technology. Mobile 
satellite communications for maritime industry were first provided more than 
30 years ago by Inmarsat with Geostationary Orbit (GEO), at an almost 
prohibitive cost, subsequently with the advent of Medium Earth Orbit (MEO) 
and Low Earth Orbit (LEO) the costs have significantly reduced. Nowadays 
the Iridium NEXT system constellation, using a constellation of approx. 80 
cross-linked satellites in near-polar orbit provide global coverage and 
adequate bandwidth (up to 10 Mbps) at affordable price. More recently, Kim 
et al. [30] and Bekkadal [31] proposed a system based on visible light 
transmission using LEDs and photodiodes for the transmission between shore 
and sea. Ristov et al. [32] presented a Cloud computing enables optimized 
exploitation of sources of information, significantly reduces the costs of 
shipping companies' business and provides operators with the option of 
offering their services at lower prices with guaranteed quality level. Maritime 
companies can store data, applications, and functions in the cloud. 
4 CONCLUSIONS 
With its disruptive innovation potential, the fourth industrial revolution is 
promoting the diffusion of digitization in all the industrial contexts, 
revolutionizing the approach to value creation and fostering the development 
of new business models. Clear evidence of such transformation process can 
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be found also in the maritime sector, where new frameworks of operations 
have been recently proposed for the shipping industry. The shipping 4.0 
reference models proposed in the literature discuss the evolution of traditional 
shipping business into the digitized industrial paradigm envisioned by industry 
4.0, and depict a future scenario where digital ships will be maritime cyber-
physical systems capable of autonomous or semi-autonomous operations, in 
a seamless interconnected environment.  
In this paper, we propose an analysis of the current industrial practices in the 
shipping industry, analyzing its preparedness to face the fourth industrial 
revolution, while indicating the most significant open challenges.  
The study highlights some important shortfalls in the current both from a 
technological and an organizational/operational point of view. In particular, the 
use of manual noon reports and the implementation over-simplified 
mathematical models in the management processes are a clear evidence of 
the inadequateness of current industrial practices. Although it is true that the 
amount of information gathered on board and stored as data is increasing, its 
involvement in the decision making processes is still very limited, therefore 
such knowledge contributes only to a limited extent to the strengthening of the 
value chain. The result of the study is that there is a significant gap between 
the current state of the art and the implementation of a new digitized business 
model. In addition, due to the lack of a global standardization process, the 
current implementation level is uneven and fragmented, due to the different 
evolution level of regulatory frameworks on a national basis. In such context, 
the perception is that in order to catch the market opportunities, industrial 
players are developing their own systems and services, without any unified 
goal or direction. 
In conclusion, the paradigm of shipping 4.0 is an unprecedented attempt to 
revolutionize a very conservative industrial context, however, it is evident that, 
apart from new technologies, shipping companies necessitate novel 
approaches to manage their and operations and a substantial change in their 
corporate culture and decision-making processes. The establishment of a 
clear roadmap from International organizations can be a critical issue in this 
phase, considering the digitization journey is still in the early days.  
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DIGITAL TRANSFORMATION – QUO VADIS ENTERPRISE 
RESOURCE PLANNING 
E. Hartweg  
OWL University of Applied Sciences and Arts, Lemgo, Germany 
Abstract 
The Digital Transformation influences and changes the everyday work as well 
as the entrepreneurial environment. Its technologies are an integral part of our 
daily life [1]. New IT Infrastructures like Mobile and Cloud Computing, Big 
Data, Cyber Physical Systems (CPS) and Embedded Systems form the basis 
for the Smart Factories [2]. This has acquired a new dynamic by the Internet 
of Things (IoT). Established business models are changing radically. At the 
same time new products, services, and order processing procedures 
occurrence. 
Such a significant change requires increased automation and the integration 
of information technology into components and parts. This combination leads 
to new potentials for the automation as well as new requirements related to 
employees, organizations and ERP systems. 
This paper describes the requirements to the digital transformation and shows 
an approach to realize the main Industry 4.0 targets without a fundamental 
change of the organization as well as the IT infrastructure.  
The paper ends with an outlook about the recommended actions for the 
Enterprise Resource Planning 4.0. 
Keywords: 
Digital transformation, Smart factory, Industry 4.0 
1 INTRODUCTION 
Industry 4.0, also known as the Fourth Industrial Revolution, is the German 
Government’s future-oriented project, which was initiated to increase 
Germany’s competitiveness [3].  
This fourth revolution was triggered by the increase of opportunities presented 
by information technology (IT) and is greatly influenced by progressive 
digitization. One important aspect is the real-time accessibility of all 
information relevant to the company. The use of the internet to exchange 
information (Internet of Things, IoT) plays a very important role here.  
At the heart of Industry 4.0 is the intelligent factory, the “Smart Factory”. 
People, machines, and parts are able to communicate with each other. Using 
digital networks increases manufacturing flexibility and transparency. In this 
way, batch sizes of 1 can be produced for the same price as mass-produced 
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items. Due to increasingly individual customer wishes, this is gaining in 
importance [4]. 
This means that workpieces can independently find their way through the 
fastest route through manufacturing. Machines can independently prepare for 
the next order or suggest alternative routes if a machine cannot be used due 
to a fault [3]. Intelligent manufacturing facilities can minimize or completely 
eradicate delays in production because they can autonomously arrange 
service appointments and order spare parts [5].  
This poses the question of the future role of enterprise resource planning 
(ERP) systems. Digitization opens the door to new big data dimensions [6]. 
On the one hand, ERP systems could be replaced by new systems, which will 
interact with Cyber Physical Systems (CPS) autonomously. On the other 
hand, ERP systems could be expanded to satisfy Industry 4.0 requirements. 
This paper is based upon the hypothesis that ERP systems will continuously 
be used by businesses. The key scientific question is what requirements 
Industry 4.0 places upon ERP systems and how these can be implemented 
with reasonable expense. 
2 THE IT INTEGRATED FUTURE PRODUCTION WILL BE EXPLORED IN 
THE PROJECT “ERP TO GO” 
“ERP to Go“ was an internal research project at the University of Applied 
Sciences and Arts between the laboratories of Prof. Hartweg / Prof. Rubart 
and “Kurt Zecher GmbH“ as the industrial partner (2015 to 2018). Results of 
the project are best practices of Industry 4.0 for decentralized production 
planning, which have been developed by surveys, interviews and group 
discussion within the project team. 
As part of the “ERP to Go” research project an IT integrated factory model 
was built in order to map and test the technical aspects of Industry 4.0 (Figure 
1). 
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Figure 1: “ERP to Go“ demonstrator. 
The demonstrator shows the automation pyramid of order processing. 
Customer orders are placed online and transferred to an ERP system (SAP 
ERP). The material requirement planning (MRP) takes place at this point and 
the scheduled production orders are transferred to the Manufacturing 
Execution (ME) system (MPDV Hydra). The production orders fine-tuning is 
completed by the ME system, which is connected to machinery and equipment 
using various interfaces. Confirmation of completed production orders is made 
immediately using PDC terminals (Product Data Capturing). The ERP system 
subsequently affects the redistribution of materials; connection with order 
processing takes place at the process level in which Industry 4.0 processes 
occur. 
Using the Demonstrator enables weak points in Industry 4.0 order processing 
to be identified. These are located in the ERP systems because there are no 
functions to support decentralized planning. A further flaw is to be found in the 
ME systems. Permanent interfaces with each machine have to be installed 
but also ways to establish e.g. the current whereabouts of each staff member. 
2.1 Industry 4.0 demands regarding ERP solutions 
Industry 4.0 has new requirements to companies´ order processing and 
therefore the IT systems used. Digital networking is paramount, where each 
object can communicate with others using the IoT. Because of the connection 
of all relevant things between each other, data and information can be 
exchanged. This allows CPS to make decisions and service appointments 
autonomously in order to support an optimized production process. 
Digital Transformation – Quo Vadis Enterprise Ressource Planning 
172 
This requires a flexible, but also temporary network, which can be realized 
without great expenses. Applications (Apps) should be able to communicate 
without being subject to a hierarchy (Figure 2). 
The use of digital networks and cloud services entail particular security 
measures being adopted. Sensitive data must be highly accessible, but also 
secure from unauthorized third-party access.  
 
 
 
Figure 2: Requirements related to ERP systems. 
2.2 ERP 4.0 technological requirements - System flexibility as the basis 
for ability to change, independence, and autonomous organization 
This development will be supported by the mobile availability of applications. 
However, this requires the capability of real-time mass data processing. On 
the one hand, digitization can gather and generate a huge quantity of data. 
On the other hand, this must be immediately available for use in real-time 
simulations [5]. 
Therefore, the present hierarchical structure must be removed and systems 
need to be connected with each other by using special interfaces in order that 
all the subordinate systems are not rendered useless. The removal of the 
previous hierarchical structures is accompanied by the modularization of ERP 
systems.  
The basis of this development is an open standardization and communication 
in order to integrate downstream systems, apps or other services [5].  
ERP systems also require adaptability and flexibility in flexible Industry 4.0 
processes. Furthermore, it must be constructed in modules, has to be 
permanently available as well as featuring interoperability and scalability. 
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2.3 ERP 4.0 functional requirements: collaboration, usability, and real-
time scenarios 
Networking is not innovative in terms of Industry 4.0, but the objective of fast 
access to the required information and collaboration between individual 
departments is new. Furthermore, external data, for instance, social networks, 
need to be collaboratively engaged [5]. This type of networking is also known 
as Social ERP. 
A further important aspect is user-friendliness (Usability). Users must be able 
to configure their system interfaces or workflows according to their needs or 
context. 
Networking does not stop at the doors of a department or the company, but 
must be companywide, beyond company boundaries and comprehensively 
implemented. Supply Chain Management, therefore, plays a very important 
role – accompanied by the use of expert tools – which fulfill both the demands 
placed on them by big data as well as being able to be used as decision 
support systems [5]. 
Safety-related production stages often require process data and parameters 
to be recorded in one Document Management System (e.g. materials used, 
machine parameters, …). Traceability of errors to the machine parameters, 
which caused them, must be possible at any time.  
A further demand for future ERP systems is the real-time and three-
dimensional simulation of what-if scenarios. The effects of decentralized 
decision-making on the company’s performance targets must be made visible. 
3 APPROACH 
To meet the requirements above, the approach used consists of various 
components. The first hypothesis is, that future ERP systems will remain the 
backbone of order processing because customer orders are recorded only in 
this system. However, this also means that confirmation of customer order 
deadlines are also done by the ERP and all downstream systems need to 
adhere to it. 
The second hypothesis points out that the production order can no longer be 
centrally controlled in the ME system but, as an Industry 4.0 central 
requirement, must be decentralized and autonomously performed. This 
means that the basic scheduling has to be adopted from the ERP system. This 
forms the framework for decentralized control. 
At present, there are no suitable solutions for this problem [7], so we decided 
to develop our own Industry 4.0 App. The aim here is to examine whether 
functional and technological Industry 4.0 requirements can be met on the 
basis of an existing Automation Pyramid (Figure 3).  
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Figure 3: ERP to Go approach. 
This app will enable not only mobile production data collection but also 
context-sensitive order control in production. This means that the employee is 
able to choose a different workflow sequence to that specified in the schedule 
(for instance a different machine). In order to achieve this, the production order 
and the alternative machine are entered in the app; booking of such, however, 
is made in the ERP, as that is where the working sequences have to be 
corrected. This is done by a standard function in SAP, the Business 
Application Programming Interface (BAPI). As a result, the order can be 
pushed along the fastest route through production, which also makes the most 
effective use of the facility. This is done by using identification technology 
RFID tokens, QR or DMC codes. 
A web service interface was implemented to enable the operating details data 
exchange with SAP. This includes the required SAP data for movement of 
goods and recording the time in production (setup and processing time). 
RFID technology was chosen to identify the charge carrier (RFID Gateway 
and an RFID handheld reader). The RFID Gateways ID programming 
interface (ISC.LRU2000) was evaluated and an observer pattern 
implemented, which, when an RFID tag is recognized, triggers the 
corresponding SAP ERP transfer of goods process. 
Finally, an Android application for mobile production data collection was 
incorporated. Using data matrix codes, this App is able to initiate processes, 
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which can be flexibly modeled beforehand. This supports essential document 
management features. Machines, orders, and employees can be identified by 
means of RFID tags, Beacons and QR Codes; process parameters or pictures 
of the individual objects can be stored. 
On the basis of this case study, the following action areas were identified: 
Challenges: Production Planning and Control 
Existing ERP systems do not fulfill Industry 4.0 requirements. Necessary 
functions have to be realized in a new App. Data interfaces with ERP systems 
are costly, as the planning procedures must be halted and planning logic 
displaced. ERP can, however, maintain data sovereignty. At present, there 
are hardly any noteworthy concepts of how connections between ERP 
systems and CPS can be made. 
Challenges: IT Infrastructure 
The need for data exchange and data integration between areas, departments 
and beyond company boundaries is rapidly increasing. More and more 
connections between various IT systems and networks must be created [8]. A 
standard connection has not yet been established. 
Challenges: Employees 
In order to increase communication efficiency, it is essential to provide 
autonomous CPS with the required data. This communication must be 
transparent enough to make sure the user is not overloaded or flooded with 
information; but they must be able to understand the current planning and 
control status, too [9]. The ultimate decision has to rest with an employee in 
order to increase acceptance. 
Implementation measures on the path to Industry 4.0 
In order to exploit Industry 4.0’s potential the current system landscape must 
be systematically changed to accommodate the modified demands of Industry 
4.0. The changes, which are particularly necessary to ERP systems, cannot 
be made overnight. Therefore there are many consecutive measures. This 
leads to a fully digitized and automated production in the Smart Factory 
(Figure 4). 
Because the establishment of a Smart Factory cannot happen overnight, IT 
systems must be flexibly connectable with future IT systems [8]. 
The ME system acts as a link between planning and controlling, with new 
decentralized control solutions. Detailed planning will no longer be able to be 
a part of ME systems. Rather these will be integrated into various application 
systems. 
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Figure 4: Implementation Steps to the Smart Factory. 
The objective in the first step is to create a completely transparent production 
system. In this respect, the ERP system must become the “digital twin” of 
operational order processing and map all movement of machines, tools, and 
employees. The necessary data must be compiled in real-time. Networking 
and connectivity are, therefore, the foundation on the path to a Smart Factory. 
Most system interfaces required are already available (e.g. OPC-DA, OPC-
UA, JSON, XML, ASCII), although no standard has yet been established. 
Furthermore, networking costs are immense. Thus cheaper alternatives, such 
as employees inputting operational data using apps, are required. 
The second step is employee qualification. Communication between 
employees, workpieces, and machines must be made transparent so the user, 
on the one hand, isn’t overwhelmed or flooded with information. On the other 
hand, they must be able to understand the current planning and control status. 
Any ultimate decision has to rest with an employee to increase acceptance 
[9]. 
An in-depth analysis based on the results is a part of future research activities 
and not possible at present. The project effort depends on the project scope; 
it results from the costs of mobile devices and internal expenses.  
No additional license-fees were required, as all presented features had been 
developed based on development-licenses“, which are part of the „standard 
SAP rollout licenses“.  
Target system is a transparent and self-optimizing production system 
Through the first two steps, a transparent production system is created in 
which data is automatically compiled and the status of all systems is always 
available in real-time. This forms the basis for the next step on the path to a 
Smart Factory, the “self-optimizing production system”. 
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Self-optimizing contains that the system autonomously determines processes. 
This is based on a specified target system, e.g. the use of completion dates 
for each order, fixed by an ERP system [10]. This target system simply gives 
the framework within autonomous decision-making is possible. The 
prerequisite is that the production system is capable of being controlled. This 
means that a comparison of target and actual data can be made in real-time 
and that readjustments to the process can be made automatically. The control 
cycle in production systems can, using decentralized management and 
control, be significantly reduced and form the basis of self-regulating control.  
4 CONCLUSION  
Industry 4.0 marks the complete digitization, automation as well as the use of 
artificial intelligence in production systems on the basis of comprehensive 
networking. ERP systems still constitute the backbone of operational data 
keeping and processing. The central requirements of Industry 4.0 can be 
largely achieved on the basis of existing automation pyramid through the 
integration of an Industry 4.0 App and the integration of such into the IT 
landscape. The central planning approach of today's ERP systems will be 
replaced by autonomous, decentralized planning using an App.  
ERP systems continue to store business management data and enable the 
synchronization of strategic, business targets on the one hand, and on the 
other hand targets for production logistics. 
The models show the considerable importance that ERP systems will have in 
the context of Industry 4.0. However, these systems will not collect and 
evaluate all the necessary data. In fact, integration hubs will gather and 
process context-specific data from autonomous systems, using standardized 
interfaces. These serve as the basis for decision-making in ERP systems as 
well as the autonomous, self-regulating production systems. 
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HOW TO IMPROVE SHOP FLOOR MANAGEMENT 
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Abstract 
Shop floor management is an important component of the Toyota Production 
System. The main task of shop floor management is to sustainably increase 
efficiency and quality in production. The objective of this paper is to identify 
potentials for improvement of shop floor management in the context of 
digitalization and to identify fields of action. As a result, the paper will show 
that insufficiently designed business processes, in particular, lead to additional 
administrative work for managers. Therefore, optimizing processes can also 
be seen as a key to giving managers more time for real management tasks. 
In addition, shop floor management can be strengthened by improving e-mail 
communication and meeting organization practices, as well as by making 
reporting more automated and more user-friendly. 
Keywords: 
Shop floor management, Leadership, Digitalization 
1 INTRODUCTION 
Shop floor management is a management concept applied in production [1]. 
The main task of shop floor management is to sustainably increase efficiency 
and quality in production [2]. In order to consistently pursue this objective, 
managers must actively lead in the areas where value is actually created – 
and not primarily in the office [3] – as mentors and problem-solving coaches 
[1]. Analyzing problems by practicing daily meetings and routines at the place 
of value creation lead to a more intensive exchange of information [1]. 
Especially in production companies that apply Lean Production principles, 
managers are described as teachers, coaches, and mentors who show 
presence at the place of value creation and conscientiously exemplify the 
pursued principles and values [4]. This helps to establish a values-based 
management culture [5]. 
Increasing complexity in production – in particular, due to shortened cycles of 
innovation and growing diversity in variations – results in increasing demands 
for information management in production [6]. This creates new challenges for 
managers [7]. They must coordinate a large number of different tasks [9]. 
Managers have to react flexibly to the changing framework conditions 
surrounding leadership and the use of new software systems in the company 
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[9]. Flexibility and agility are considered important characteristics for 
managers [8]. 
Digital information and communication systems are designed to support 
managers in carrying out their work and to improve the quality of that work 
[10]. Polakoff [11] forecast this workload reduction in 1987 by arguing that new 
computerized production technologies would free managers from routine 
tasks, leaving them more time for employees and their needs. 
In order to identify digital support options for managers, it makes sense to first 
consider the everyday work of managers in more detail to determine the extent 
to which using software makes sense and the tasks where implementing 
software could be useful. For several decades, research on manager activities 
has focused on manager work structures. Still, relatively little is known about 
the activities managers actually carry out in their everyday work [12,13]. In 
addition, analyzing the time required for different tasks is one of the most 
important foundations of effective management [14]. However, management 
tasks are difficult to categorize into routine everyday processes, and thereby 
to reflect fully in uniform activity analyses [15]. There is a range of everyday 
management activities that essentially cannot be planned, although they are 
part of the manager’s duties, such as meetings announced on short notice or 
holding discussions with employees [16]. 
One goal of the project Arbeit 4.0 - AWARE is to improve the work of 
managers on the shop floor. To do so, it aims to identify routine administrative 
tasks that can be reduced or eliminated through digital support, leaving more 
time for real management tasks. In addition, it works to pinpoint deficits in 
information delivery, to derive recommendations for action to improve 
information management. To achieve the project's goal, semi-standardized, 
problem-focused interviews were held with managers from production at an 
international company in the capital goods industry. The survey respondents 
were asked to assess which management tasks are important, which are time-
intensive, which routine tasks they carry out, what digital instruments are 
useful in their everyday work, and what instruments they still need. The results 
of the interviews were prepared and discussed with the managers in question. 
This paper presents the types of waste identified in shop floor management, 
which can serve as fields of action for the project. In this paper, all work 
performed by managers on the shop floor that does not directly serve the 
purposes of shop floor management is considered a type of waste. 
Accordingly, the theoretical fundamentals (section 2) present what is meant 
by shop floor management in the Toyota Production System (TPS). Section 3 
describes the procedure with the selected method of data collection and 
evaluation. Section 4 describes the types of waste, which also serve as fields 
of action within the project. Finally, the paper provides a brief outlook 
describing the next steps of the project (section 5). 
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2 THEORETICAL FUNDAMENTALS 
Manager development is an important building block in the TPS, since 
managers ensure the framework conditions required for high work motivation 
among employees [17] and must manage their areas of responsibility like 
business owners [18]. Managers assume the role of guiding mentors who 
support subordinate employees in carrying out the continuous improvement 
process, by assisting them in finding solutions and drawing their attention to 
optimizing processes [3]. Independently looking for solutions encourages a 
learning process among employees. Managers and employees work together 
intensively [3]. Dombrowski and Mielke [19] also posit that the success of Lean 
Leadership, a sustained type of management, is active participation by 
employees in everyday improvements. Lean Leadership creates the 
framework conditions for ongoing development of the production system [19]. 
Managers are considered a central element in the TPS, and accordingly must 
fulfill high expectations [18]. Four performance criteria are used at Toyota to 
assess manager effectiveness [20]: 
1. Safety – Avoiding work accidents and improving ergonomics 
2. Quality – Process improvements and problem-solving 
3. Productivity – Consistent resource management and long-term fulfillment 
of customer demand 
4. Costs – Fulfilling the first three criteria while monitoring and reducing 
overall costs 
 
If performance improvements are found for these four criteria, it is assumed 
that employee skills have also improved. This progress is also credited to the 
work of the manager [18]. Liker and Meier [20] also describe requirements for 
managers, which reflect necessary personal characteristics: 
 A desire and a will to lead: A true will to lead is a fundamental requirement 
for managers, not just the desire to hold a certain position 
 Understanding of the work and processes to be performed: Specific 
knowledge of the tasks involved in the work area 
 Understanding of their own role as a manager: Understanding the 
responsibilities of a manager, e.g. knowledge of company policies, health 
and safety regulations 
 Ability to carry out continuous improvements: Ongoing analysis of the 
work area, detecting and implementing potential increases in efficiency 
 Ability to lead: Managers must achieve company goals by managing 
team members; ability to identify the need for training and to plan training 
sessions 
 Ability to learn: Ability to transmit knowledge 
 
The Gemba or Gemba Kaizen design principle from the TPS, which can be 
translated loosely as “a visit to production for personal inspection” [18], is 
essential for managers to identify the actual problems in production. Gemba 
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is where development and production take place. More specifically, Gemba 
describes the work station where specific activities are carried out [21]. It is a 
manager’s duty to be close to where value creation takes place because this 
is where all of the relevant information is and where potential areas of 
improvement can be identified. According to Imai [21], the principles of Gemba 
are as follows: 
 First go where the problem or irregularity occurred 
 Review the situation 
 Take immediate counter-measures 
 Look for the causes of the problem 
 Standardize the solution to the problem to prevent it from occurring again 
 
Management on the shop floor is divided into four central elements [5]: 
 Management on site 
 Recognizing deviations 
 Sustainable problem solving and avoidance 
 Optimizing the use of resources 
 
Management on-site means that managers are present where value is 
created. They detect deviations from the standard quickly. Another way to do 
this is to visualize current conditions through key figures, which make 
deviations visible at once. In addition, daily shop floor meetings are held in 
production to discuss deviations with the team and be able to react to these 
as quickly as possible [5]. Problems must be solved in a sustainable manner, 
i.e. it is important to understand and correct the actual cause of the problem 
instead of concentrating only on quick immediate measures [5]. In addition, 
problems must be understood as opportunities for improvement, because a 
common saying among Toyota manager is “Not having any problems is a 
problem” [3]. Instead of looking for culprits, the thinking is to look for the fault 
in the process, in standards, visualizations or qualifications [3]. Only in a 
structured problem-solving process, where employees receive active support 
from manufacturers and are involved in the process as problem solvers, errors 
can be corrected permanently [5]. Operational resources to be managed 
include employees, machines, and time. These must be managed in a 
transparent manner so that they can be used effectively and efficiently [5]. 
3 METHOD 
A process consisting of five steps has been selected to identify fields of action 
for improving shop floor management. These are outlined in Figure 1 and 
described in the following. 
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Figure 1: Process and methodology. 
(1) Determination of the interview objectives 
The interview is held for the following purposes: 
 Identification of administrative tasks that can be reduced or eliminated 
through digital support, leaving more time for real management tasks 
 Identification of time-consuming and important management tasks to 
determine possible discrepancies between important and time-
consuming tasks and thereby identify potential improvements 
 Identification of deficits in information delivery and deriving 
recommended actions for these 
 Identification of existing and missing digital instruments to support 
management tasks 
 
(2) Creation of the interview guideline 
The problem-centered interview was selected as a survey instrument since 
this type of survey includes the explanations, justifications, and opinions of the 
person surveyed.  This interview type focuses on a narrative principle and the 
interviewer consistently focuses the discussion on existing problems [22]. 
Another characteristic of problem-centered interviews is the interviewer’s 
objective consideration of the topic and relevant literature in order to define a 
problem, as it was already done in formulating the objectives [22]. A 
questionnaire was developed to implement the problem-centered interview. 
However, the interview was carried out in only a partially standardized 
manner, in order to ask follow-up questions tailored to the respondent's 
answers and react flexibly to their responses [23]. The critical incident 
technique was used to develop the questionnaire. This technique is used in 
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the literature to analyze everyday work tasks and identify requirements in the 
work environment. The surveyed personnel should be familiar with the 
situation to be analyzed and be able to report on examples of successful and 
unsuccessful incidents [24, 25]. 
The interview guideline includes questions on the following topics: 
 management tasks on the shop floor [26],  
 personal information provision and processing, 
 digitalization and 
 training. 
 
The following selected questions were used to shed light on the activities of 
managers: 
1. Which of your activities do you consider to be real leadership activities? 
2. Which of your activities have a more administrative character? 
3. Which of the activities mentioned predominate in your everyday life? 
Name the three activities that take up the most time. 
4. Which of these activities do you consider to be the most important? Name 
your three most important activities. 
5. What changes in your activities would you like to see in order to make 
your everyday life more effective? 
 
(3) Execution and transcription of the interviews 
Ten interviews were conducted with managers at an international company in 
the capital goods industry. Managers from the following corporate areas were 
surveyed: Mechanical production, gear assembly, service, process controlling 
and operational management. Two people wrote down answers to the 
questions, which were then transcribed digitally. 
 
(4) Evaluation through a qualitative content analysis  
Evaluation of the interviews was carried out using quantitative content 
analysis according to Mayring. The systematic, regulated process of 
qualitative content analysis makes it possible to process large quantities of 
material and analyze them step by step [27]. The method of structured 
inductive category definition involves five steps: 
1. Paraphrasing passages with important content 
2. Summarizing the most important information from individual questions 
3. Listing the higher-level categories 
4. Forming categories for types of waste/fields of action within shop floor 
management 
5. Reviewing the comprehensive category system based on initial materials 
 
When summarizing the most important statements on individual questions 
(step 2), a quantitative analysis of some items was also completed, for 
instance, to find out how many managers perceive individual tasks as 
important or as time-intensive. 
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(5) Appraisal of the results of the qualitative content analysis 
During a workshop, the results of the qualitative content analysis from the 
interviews were presented to selected managers, in order to identify potential 
errors in interpreting interview results and analyze the identified fields of 
action. 
4 RESULTS 
The selected process provided the following results: 
 There is no uniform understanding of real management tasks, since the 
question, what real management tasks are, resulted in very different 
answers. For example, only four respondents named developing the 
skills of employees as a real management task. In contrast, the ability to 
teach is considered one of the most important requirements for managers 
in the literature [20]. 
 There is a discrepancy between management tasks perceived to be time-
intensive and tasks perceived to be important by respondents. In the 
opinion of the respondents, the greatest amount of time is not spent on 
the most important tasks. For example, five respondents viewed 
preparing key figures as the most time-intensive task, while seven 
respondents felt interacting with employees was the most important task. 
 In addition, qualitative content analysis was used to identify four deficits 
in shop floor management, respectively information management (see 
Figure 2). These can be interpreted as waste in shop floor management. 
 
 
Figure 2: Deficits in shop floor management. 
(1) Managers must complete a variety of administrative tasks that involve 
preparing key figures for the shop floor board and for reporting. Examples of 
these deficits include manually entering data on the key figure OEE (Overall 
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Equipment Effectiveness) and manually linking information from various 
systems, which can often result in errors. In addition, manually entering and 
preparing (process) data, which is often associated with errors, makes the 
task of detecting deviations (a central element of shop floor management [5]) 
much more difficult. 
(2) E-mail correspondence was named as an important source of information 
by five of the managers surveyed. One negative aspect described in this 
context was that too much information is distributed in the e-mails to too many 
recipients, without prioritizing the topics included. This type of information 
delivery can sometimes result in long searches through the e-mails for useful 
information. 
(3) Failing to design meetings in a targeted way makes it more difficult to 
achieve the intended results of the meeting. In addition to not selecting 
suitable participants for meetings, the respondents stated that in some case 
there is no documentation of important meeting results. Often, no minutes are 
kept of meetings. 
(4) The biggest deficits in information management relate to different internal 
corporate processes. Managers have to handle administrative tasks, the result 
of inadequately designed business processes and a failure to tap into potential 
areas of optimization. For example, staff planning is more difficult if there is 
no uniform qualification matrix for employees. Another example relates to the 
complaint management process. Currently, it is not possible for customers to 
provide online notification of complaint orders and the process is not 
transparent enough, resulting in planning errors and additional coordination 
work for managers. The lack of a Manufacturing Execution System (MES) 
creates administrative work for managers in obtaining information. In some 
cases, errors identified by employees have to be digitally recorded in quality 
management systems by managers. In summary, it can be stated that an 
inadequate design of individual processes leads to additional, often 
unscheduled coordinating or administrative activities for managers. 
5 OUTLOOK 
The results illustrated here were presented to and discussed with the general 
management and executives in a workshop. The next step will be to work 
through individual fields of action within the project. Designing a system of key 
figures will be a primary focus, in order to respond to the informational needs 
of managers and employees. As a result of the project, management 
principles and instruments should be described in detail in the context of 
digitalization, and training guidelines should be prepared for shop floor 
management. 
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APPLIED DIGITALIZATION IN THE FIELD OF ROBOTIC 
RECONDITIONING OF STRUCTURES 
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HAW Hamburg, Department mechanical engineering and production, 
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Abstract 
Implementing digitalization in the field of production represents a major hurdle 
for some small and medium-sized enterprises (SMEs) due to the ensuing 
demands on employees and, in some cases, the significant financial 
investment required. The RobReLas research project has developed a system 
whose purpose is to enable an economical solution to this dilemma for SMEs 
in the field of automated, robot-based reconditioning of components. A laser 
scanner was integrated in the robot’s control. The data generated by the 
scanner are used to mathematically describe the virtual area of the surface to 
be laser treated. The scanner recognizes the relevant area within the robot’s 
predefined workspace by defining the maximum length and width of the 
relevant component. The system then automatically applies predefined and 
qualified repair strategies in the virtual area. Tests on nickel-based blades 
demonstrated the system’s economic potential, showing a reduction in 
reconditioning time of about 70% compared to the conventional reconditioning 
method. The main advantage of the system is the fact that a basic knowledge 
of operating robots is sufficient for the attainment of repeatable results. 
Further, no additional CAD/CAM workstations are required for 
implementation. 
Keywords:  
Digitalization, Robotic application, Reconditioning, Welding, Laser  
1 INTRODUCTION 
Today’s businesses face the challenge of developing and implementing new 
strategies and innovations in order to consistently produce high-quality and 
efficient products and therefore meet rising customer expectations and 
succeed in increasingly competitive globalized markets. In this context, the 
development of innovative methods and processes via digitalization promises 
productive results. Digitalization enables the intelligent automation of 
previously labor-intensive manual work, which helps compensate for the 
issues raised by the current shortage of skilled workers. Reconditioning by 
means of welding/surfacing of components is a traditional area of production 
[1]. The quality of the repair achieved depends to a significant degree on 
employee qualifications and experience. As well as conducting purely manual 
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repair processes, employees need to operate a handling system (robots or 
portal systems) while also being skilled in the field of welding as a repair 
method.  
Parts within turbomachines that experience particular levels of stress are 
found in compressors and turbine blades. In the event of damage, repair is 
often cheaper than replacement. With regard to ship parts in particular, the 
purchase of new components often entails delivery times - and therefore idle 
periods - of several months. A repaired part is often over 50 percent cheaper 
than a new purchase; for this reason, industrial businesses are increasingly 
attempting to use automated processes for reconditioning damaged machine 
components. The prerequisite for automated reconditioning, however, is the 
knowledge or recording of the actual geometry, i.e. the actual shape and 
dimensions, of the entire component or at least of the body to be welded 
[2, 3]. 
Three methods of reconditioning job automation are available. The surface of 
thin-walled structures to be reconditioned is usually determined manually 
using the so-called teach-in process. This procedure is extremely time-
consuming and sometimes accounts for 80% of total working time. The time 
required increases in proportion with the complexity of the geometry to be 
captured. Further, a serious drawback to this methodology is the major impact 
on welding quality – potentially leading to failure during welding – caused by 
even the smallest inaccuracy in teaching. In addition, research has shown 
that the positioning of teaching is always dependent on the employee 
performing the procedure and his or her form on the day. This results in 
potential sources of failures and reduces the repeatability of the quality 
achieved.  
Another method of automated reconditioning uses tactile sensors, which 
involves manual scanning of the surface to be reconditioned, given 
sufficiently high accuracy of the handling system. The data attained feed into 
the development of a corresponding program. This type of automation is 
preferable where a limited number of different geometries are present, as 
each geometry requires an individual program to scan the surface. In 
addition, the clamping system is particularly important in this process, as the 
constant position of the components is vital. The third method which finds 
industrial use requires a scanner solution and CAD/CAM systems. This robot-
based digitization of surfaces is state-of-the-art, provided that the handling 
system has the necessary accuracy. A scanner digitizes each location and 
an additional CAD program processes the data. In the CAD program, the 
employee selects the areas to be rearranged, then a corresponding program 
is created and transferred to the control of the handling system. The 
application of this method to the reconditioning of thin wall structures 
characterized by short welding times, low quantities, and high product 
diversity does not appear commercially feasible (for SMEs), as it requires 
comparatively high investment in CAD/CAM systems and an additional 
workstation for data processing and control of the program [4-5]. 
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2 EXPERIMENTAL SETUP 
The present research project used an industrial robotic arm of type KUKA KR 
125/3, controlled by a KR C2 controller. It is a 6 DOFs robotic arm with a 
payload of 125 kg, maximum reach of 2410 mm and a repeatability of 
± 0.2 mm. A turning and tilting table is attached to the robot, providing 2 extra 
DOFs.  
A commercially available laser scanner made by Micro Epsilon detected the 
surface to be reconditioned (Figure 1). The technical specification of the 
scanner is as the following: 
 Z-axis measuring range: 290 mm 
 X-axis measuring range: 120 mm 
 Profile frequency: up to 4,000 Hz 
 Measuring rate: up to 2,560,000 points/sec 
 Z-axis reference resolution: 12 µm 
 X-axis resolution: 1,280 points / profile 
 Permissible ambient light: 10,000lx 
 Laser source: semiconductor laser 658nm (red) 
 Laser power: 8mW (class 2M) 
 
This system enables internal data preprocessing without the need for 
additional software. The system is first configured in accordance with the 
desired selection criteria, such as maximum or minimum value. Automatic 
data acquisition in accordance with the selected criteria then takes place. 
Further, this system has an interface suitable for the integration of the 
scanner into the robot’s control, which makes this integration process less 
complex and reduces the cost of the investment. 
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Figure 1: Scanning system in use. 
The laser scanner was integrated into the robot's control. In order to integrate 
the scanner into the welding head, a construction was created with an 
appropriate level of stability and robustness alongside flexibility which allows 
for the scanner to be set up and dismantled as necessary. It is important to 
ensure that vibrations from the robot's motion profile do not affect the location 
of the scanner. In addition, the scanner must be protected from exposure to 
heat during the welding process in order to avoid thermal congestion of the 
sensors. For this purpose, an integrated pneumatic protective device was 
designed to shield the scanner during welding. Typically, the sensor is 
protected from thermal stress due to an offset between the scanning beam 
and the melting bath. However, this offset can negatively affect the accuracy 
of repositioning in the case of filigree components and therefore needed to 
be avoided in this project. 
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3 TECHNICAL SOLUTION 
The reproducibility of the reconditioning result depends on the accuracy of 
the handling system. At the outset of the project, a reference sample with a 
defined point pattern was created. The points of the pattern were approached 
with the tool center point (TCP) of the robot and the difference between the 
coordinates of the points approached and the point pattern was determined. 
Corrective factors were calculated from the differences identified, enabling 
subsequent adjustment of the TCP’s location. The deviations in accuracy 
produced by the robot were compensated procedurally; this entailed the 
testing of different robot paths in order to minimize the influence of the 6 axes 
on positioning accuracy when reaching the starting and end points. This 
allowed the definition of a working space with a repetitive accuracy of 
0.05 mm. The coordinate systems are calibrated to enable the transformation 
into each other of the different systems of coordinates of the laser scanner 
and the robot. For this purpose, a calibration tool was designed to the end of 
creating a mathematical relationship between the coordinates measured by 
the scanner and the robot coordinates. The coordinates determined by the 
scanner were automatically transformed using the robot programming 
language and then used to define the robot’s path. The first step of the 
reconditioning process entails the automated detection of the surface to be 
processed. Figure 2a shows the surface being scanned. All points in the 
scanning beam are recorded (Figure 2b). The highlighted dots correspond to 
the relevant area of the scanning beam, in accordance with the right-hand 
image in Figure 2c, which shows the position of the laser beam on the area. 
 
 
   
a) Scan beam on 
a turbine blade 
b) Relevant points of the scan  c) Corresponding line on 
the actual surface 
Figure 2: The scanning process. 
As indicated above, one of the disadvantages of automated systems is the 
necessity of an additional workstation for the processing of data. For this 
Applied Digitalization in the Field of Robotic Reconditioning of Structures 
194 
reason, all necessary mathematical operations for the description of the 
relevant plane in each case were handled in the context of the robotic 
programming language KRL. KRL offers limited opportunities for performing 
mathematical operations. A database or library for mathematical operations 
was therefore created using KRL. This database includes subprograms with 
mathematical functions such as: 
 Calculate vector length 
 Calculate a unit vector 
 Form a scalar product 
 Add and subtract vectors 
 Square 
 Calculate natural logarithms 
 Inverse function 
 
A program was written to process and store the data that the scanner 
constantly transmits to the controller. This program records contour points 
every 0.1 mm during the scan phase, which allows the storage of 10 
measuring points for a section 1 mm thick. If the number of stored points is 
not sufficient for accurate capture of the component’s contours, the program 
enables easy changes to this setting. The values scanned in this way are 
stored in an array and are directly accessible to the robot. Further, a 
displacement (Δ y) was defined from the TCP to the outer edge of the part to 
be scanned in each case, enabling operators to subsequently manually shift 
the contour as calculated. To accurately capture the starting and end point of 
the component, the scanning process starts with a certain distance to the 
actually relevant point for welding and stops beyond the relevant end point 
for welding (Figure 3). An algorithm was written for the purpose of calculating 
the starting and end point of the component’s relevant area. 
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Figure 3: Identifying the starting point. 
For this purpose, the slope of neighboring points was determined. The first 
calculated slope with a value of less than 0.3 enabled identification of the 
starting point and the deletion of all previous points. A program for smoothing 
the scanned and processed points was developed to suppress noise and 
eliminate irregularities in the readings. This involved the application of a 
customized Savitzky Golay filter, which, unlike other smoothing filters, does 
not simply cut off specific proportions of high frequencies or deviations, but 
includes them in the calculation. Thus the filter demonstrates excellent 
properties of distribution, such as relative maxima, minima, and scattering, 
which are usually distorted by conventional methods such as the formation of 
the moving mean by flattening or displacement [6].  
Thus far, a virtual plane of the surface could be generated in the robot’s 
control using KRL. The next step consists of a method for the automatic 
calculation of a path for the welding process. Experiments have shown that 
shifting one of the boundaries of the virtual area to a predefined offset 
generates best-quality results. The offset was found to be 50% of the width 
of the weld seam. The program’s operator is able to adjust the offset if 
necessary and decide which side of the contour has to be shifted in parallel. 
In contrast to existing digitalization solutions with CAD/CAM, the user does 
not see an image of the digitalized surface. Therefore, before starting the 
actual welding the operator may choose to simulate it, that is, to run the 
movement of the TCP without switching on the laser and powder. The 
operator observes the movement through an integrated camera in the laser 
optic, checking the location of the calculated tracks, and can if necessary 
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adjust the path by using corrective factors in the x and y directions. This has 
made it possible for the first time to implement a fully automated solution 
without the establishment of further CAD/CAM workstations and without 
needing an employee with specific programming skills. 
4 RESULTS 
This solution was applied to a variety of geometries. Figure 4 shows two 
examples of components (a rectangular cross-sectional surface in Figure 4a 
and a turbine blade in Figure 4b) being reconditioned using Inconel 625. The 
program allows users to store different types of components in a database 
with their corresponding scanning and welding parameters. Figure 4 shows 
automatically regenerated components, with a non-reconditioned area visible 
on the left-hand side of the images. These failures resulted from the 
communication of the laser control with the controls of the robot. 
 
 
  
a) Rectangular shape b) Turbine blade 
Figure 4: Automatically regenerated components. 
An important factor influencing the quality of the reconditioning process is the 
time lag generated by switching the laser on and off. It was, therefore, 
necessary to experimentally determine the time delay between the command 
‘laser on’ and the actual impact of the laser on the surface. For this purpose, 
an experiment was carried out in which four lanes of the same length were 
welded at different speeds (see Figure 5). The switch-on signal was 
programmed identically on all four tracks. The predetermined length of the 
path was 60 mm and the switch-on signal for the laser was activated after 20 
mm of travel. The welded track was then surveyed and the delay was 
calculated. The mean delay between the switch-on signal and the impact of 
the laser beam was 0.2 s. 
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Figure 5: Setup for establishing time delay. 
After adjusting the time delay, sound welds could be produced, as shown in 
Figure 6; this eliminates starting failure at the beginning of the welding 
process. Figure 6a shows the result of the system applied to a rectangular 
shape and Figure 6b to a real turbine blade. 
After optimization of the welding parameters, sound welds were produced 
using the following parameters:  
 Laser power: 450 W 
 Travelling speed: 1,2 m/min 
 Spot diameter: 1 mm 
 Powder rate: 12 g/min 
 Weld pitch: 0.5 mm 
 10 layers 
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a) Rectangular shape b) Turbine blade 
Figure 6: Automatically regenerated components with optimized parameters. 
Hardness distribution from the base material to the middle of the weldment is 
depicted in Figure 7. The hardness of the weldment (range: -2 to -0.5) is about 
262 HV1 and is lower than that of the base material (range: 0.5 to 1.5). This 
distribution matches that observed in conventionally reconditioned blades 
using the teach-in method (see sample S1 in Figure 7). Samples S10, S26, 
and S28 refer to blades with different thicknesses that were reconditioned 
automatically. Depending on the powder deployed, a mismatch between 
weldment and base material is avoidable. However, a hardening effect is 
invariably observed in the heat-affected zone. 
Depending on the damage sustained by the components, multiple layers are 
required for their reconditioning. Within the course of this research, a total 
height of 6 mm was regenerated. The quality of the regenerated area was 
examined using optical microscopy. Figure 8c shows a cross-section of a 
reconditioned blade. Minor pores with diameters of 15 to 30 µm are evident 
(see Figure 8a and 8b), but their limited number, their spherical shape and 
size permit their classification as acceptable.  
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Figure 7: Hardness distribution.  
 
Figure 8: cross-section of a regenerated nickel-based turbine blade. 
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Typically, damaged blades are removed from the compression wheel for 
regeneration. However, some types of compression wheels have been 
produced with nonremovable blades. The system developed here is able to 
cover these cases as well since the shaft of the turbocharger is mounted on 
the turntable. The operator can select different blades to be reconditioned. 
Figure 9 shows the reconditioning process as applied to a turbocharger wheel 
with irresolvable blades. 
 
 
 
Figure 9: Reconditioning of blades. 
The system developed within this project also offers economic advantages, 
helping make digitalization an interesting and affordable option for SMEs. It 
may generate time savings of about 70% compared to the teach-in method, 
as well as reducing workload and strain on the operator due to the potential 
for elimination of secondary steps such as checking distances, holding the 
dead-man switch while repositioning, and working in a bent-over position. 
Unlike the tactile method, the system developed within the project is 
applicable to parts regardless of their dimensions, as long as their thickness 
is covered by the width of the laser line. Major advantages of the system 
described here over the CAD/CAM solution include low initial recognition 
costs and the fact that the system dispenses with the need for an additional 
CAD/CAM workstation and with the cost of software licenses. 
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5 SUMMARY 
This project involved the development of a system which automatically 
identifies the area of a part to be reconditioned. The process creates a 
welding seam strategy without additional CAD software; it takes the 
inaccuracy of the handling system into account and thus promises 
reproducible quality. In addition, the project developed a solution for so-called 
zero-series production, enabling the processing of different geometries of 
components of the same type within one process. The mechanical properties 
of the reconditioned parts are comparable to those conventionally processed; 
the digitalization of the process gives rise to the potential for higher 
productivity. Moreover, the system increases the attractiveness of a 
traditional area of industry to junior employees. 
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TRANSFERABILITY OF PROCESS PARAMETERS IN LASER 
POWDER BED FUSION PROCESSES  
O. Pannitz, J.T. Sehrt 
Hybrid Additive Manufacturing, Ruhr University Bochum, Bochum, NRW, 
Germany 
Abstract 
In the past decade, the sales of metal Additive Manufacturing (AM) systems 
has increased intensely. Especially PBF-LB/M-Systems (Powder Bed Fusion 
of metals using a laser-based system) represent a technology with great 
industrial interest, in which metallic powders are molten and solidified layer 
upon layer by a focused laser beam. This, in turn, leads to a simultaneous 
increase in demand for metallic powder materials. Due to adjusted process 
parameters of PBF-LB/M-Systems, the powder is usually procured at the 
system’s manufacturer, although third-party providers offer material with the 
same designation. The requirement and freedom to process different 
feedstocks in a reproducible quality on the one hand and cost factors, on the 
other hand, give reasons to have a closer look at the differences between the 
quality of the provided metallic powders. In this work, the powder quality and 
the effects during the processing of nominal same metallic powders (stainless 
steel 1.4404) is analyzed and the influence on the build process followed by 
the final part quality is investigated. Thus, a statement about the correlation 
between powder, part quality and costs is achieved.  
Keywords: 
Additive manufacturing, PBF-LB/M, Powder characterization, Process 
parameters, Stainless steel (1.4404, 316L) 
1 INTRODUCTION AND STATE OF THE ART 
An Additive Manufacturing (AM) process is described as the incremental layer 
upon layer build-up of a three-dimensional workpiece and represents the third 
category next to subtractive and formative manufacturing [1]. This, in turn, 
leads to significant benefits such as increased freedom of design, the 
realization of complex structures and the integration of functions. One of the 
AM processes for direct manufacturing of metal parts is powder bed fusion of 
metals using a laser beam system (PBF-LB/M), in which metallic powders are 
molten and solidified in a layer upon layer manner by a focused laser beam 
[2]. The industry shows great interest in AM of metallic components, which is 
illustrated by rising sales figures for systems [3]. 1.4404 (EN: 14404 / 
X2CrNiMo17-12-2 / AISI 316L) is a stainless, austenitic steel and one of the 
most commonly produced materials using a PBF-LB/M system. The material 
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applies to a wide range of industrial areas such as oil and gas, automotive, 
aerospace and biomedical engineering due to its high strength, ductility, and 
corrosion resistance [4].  
Great research efforts in the scientific community concerning stainless steel 
1.4404 addressed the correlation between input parameters (e.g. particle size 
distribution, chemical composition, process parameters, etc.) and output 
parameters (e.g. mechanical properties, relative density, microstructure, etc.). 
Process parameters consist of a large number of variables, including laser 
power, scan speed, layer thickness, hatch distance but also material-based 
input parameters such as sphericity, particle size distribution, and flowability 
are very important [5, 6]. Efforts have been made to investigate a process 
window for 1.4404 to ensure reproducible part quality. For instance, Cherry et 
al. [7] and Di Wang et al. [8] investigated the effect of process parameters on 
mechanical properties of 1.4404 parts. As a result, the part density shows a 
strong dependence on the laser volume energy density. In addition, the as-
built material micro-hardness increases simultaneously to a decreasing 
porosity to a maximum of 225 HV at a density of 99.62 %. Other researchers 
presented an approach to find the optimum laser process parameters resulting 
in dense parts, homogeneous melt pools and predictable microstructure 
[9-14]. Casati et al. [15] and Kruth et al. [16] investigated the as-built 
microstructure of stainless steel samples. The periodic melt pools and 
selected scanning strategy is clearly visible and elongated grains made up of 
cellular substructures are the result of epitaxial solidification. Furthermore, the 
complete consideration of the entire process chain is important. Chen, W. et 
al. [17] presented the influence of different powder feedstocks regarding 
particle size distribution on mechanical properties and densification. As a 
result, a fine (~ 16 µm) and spherical powder obtains the highest mechanical 
properties and densification due to a high packing density and in this case 
decreased oxygen content. It is important to adjust process parameters to the 
used feedstock [18]. In summary, a comprehensive characterization of 
material 1.4404 is shown. Since this material is frequently used in the 
industrial and research environment, the freedom to choose a suitable 
supplier of the metal powder and the associated cost advantages is very 
attractive. 
In this work, feedstocks of five metallic powders of stainless steel 1.4404 are 
characterized by analyzing the particle size distribution and morphology. A 
standardized build job exhibiting different process parameters provides 
information concerning the variation of the powder’s actual processability and 
transferability of the system’s standard parameters, followed by the analysis 
of microstructure, relative density, and hardness. Based on the results, an 
approach to quantify the correlation between powder and part quality is 
developed. Furthermore, the economic evaluation of the feedstock represents 
an important factor for the industrial and research environment. 
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2 MATERIALS AND METHODS 
2.1 Processing 
The metallic samples have been manufactured using the PBF-LB/M system 
TruPrint 1000 of Trumpf. The TruPrint 1000 is equipped with an Nd:YAG fiber 
laser (wavelength of 1070 nm) with a maximum power of 200 W and an F-
theta lens which results in a focal diameter of 30 µm. The system enables a 
max. build size of 100 mm (diameter) and height of 100 mm. Furthermore, the 
components and the powder inside of the build chamber are protected against 
oxidation by an inert gas atmosphere. Figure 1 illustrates the schematic 
diagram for PBF-LB/M processes. The recoating mechanism consists of a 
rubber x-profile and distributes a thin layer of metal powder from the feed 
region over the build platform. Afterward, the applied layer is selectively 
molten according to the cross-sections of the parts and metallurgically bonded 
to the underlying layer. As soon as this step is completed, the build platform 
is lowered and a new layer of powder is applied. These steps are repeated 
until the parts are finished. 
 
 
 
Fig. 1: Schematic of PBF-LB/M process. 
2.2 Powder Material 
The powder size distribution (PSD) and morphology of stainless steel 1.4404 
provided by five different suppliers are investigated. The PSD is determined 
by the Mastersizer 2000 of Malvern Panalytical Ltd. which operates on the 
laser diffraction principle and is able to detect particles in a range of 0.02 µm 
to 2000 µm. The powder morphology is analyzed by a Keyence VHX 6000 
digital microscope exhibiting a maximum magnification of 1000x. According to 
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DIN EN 10088-1 [19], the chemical composition of 1.4404 is presented in 
table 1. 
Table 1: Nominal chemical composition of 1.4404 stainless steel powder [19]. 
Element Fe Cr Ni Si Mo Mn P S C 
Content 
in wt.%  
bal. 16.5 
– 
18.5 
10.0 
– 
13.0 
max. 
1.0 
2.0 
– 
2.5 
max. 
2.0 
max. 
0.045 
max. 
0.015 
max. 
0.03 
          
 
 
 
For an economic comparison, the various relative prices for stainless steel 
1.4404 of the five suppliers are shown in Table 2, with supplier B as reference. 
The suppliers A, B, and E provide gas-atomized powders whereas supplier C 
and D provide vacuum-gas atomized metallic powders. 
Table 2: Pricing of stainless steel powder 1.4404 in dependence on different 
suppliers. 
Supplier A B C D E 
Pricing  2.42 1 1.03 1.77 1.32 
 
 
2.3 Mechanical and microstructural properties 
The Keyence VHX 6000 is also used to analyze the microstructure and 
relative density of the samples. The entire cross-section of the infill section of 
a sample is recorded to evaluate and compare the relative density. The 
accumulated area of all pores can be recorded with the aid of phase 
comparison. The calculation of the relative density ρrel follows equation (1): 
𝜌𝑟𝑒𝑙 =  
𝐴𝑝𝑜𝑟𝑒
𝐴𝑒𝑥𝑡𝑟
•  100 % (1) 
Apore represents the total area of all recorded pores and Aextr is the extraction 
area of the whole sample. 
The HV10 hardness tests were carried out on five samples for each material 
produced with standard parameters using the KB 30 S from KB Prüftechnik 
GmbH.  
2.4 Process parameters for test samples 
In order to evaluate the processability and transferability of the system’s 
standard process parameters, it is important to set a laser parameter window. 
The software Materialise Magics allows the modification of the volume energy 
density EV. This is calculated from the laser power PL, scanning speed vs, hatch 
distance hd and layer thickness Ds as shown in equation (2).  
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𝐸𝑉 =
𝑃𝐿
𝑣𝑠• ℎ𝑑• 𝐷𝑠
 (2) 
The specimens have a size of 5 x 5 x 5 mm³ and are connected to the build 
platform by an inverted pyramid shape with a height of 3 mm.  
This allows for easy removal of the samples from the build platform (figure 2).  
For each stainless steel powder, a total of 25 samples with varying volume 
energy densities are produced. As illustrated in figure 2a, the scanning speed 
varies between 560 mm*s-1 and 840 mm*s-1 and the nominal laser power 
varies between 96 W and 144 W. Sample 13 represents the standard 
parameters of the TruPrint 1000 for this specific feedstock. In figure 2b a 
3D-Model of the manufactured samples and the applied alternating (90°) 
checkerboard scan strategy is presented. The layer thickness is kept constant 
at 20 µm and the hatch distance at 90 µm. 
 
 
 
Figure 2: (a) Experimental setup with 25 samples with a varying nominal 
laser power PL and a varying scanning speed vs. Sample 13 represents the 
standard parameters of the used PBF-LB/M system. (b) 3D-Model of a 
sample with an illustration of the checkerboard scan strategy.  
3 RESULTS AND DISCUSSION 
3.1 Particle size distribution and particle morphology 
All powders are characterized by a Gaussian-like particle size distribution. 
Differences concerning the d10, d50 and d90 values are noticeable as 
depicted in table 3. Supplier A, D and E exhibit a decreased particle size 
distribution of about 10 µm in contrast to the powder provided by supplier B 
and C. The microscopic images confirm the increased amount of smaller 
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particles. In total, the predominant amount of particles exhibits an almost 
spherical shape. The powder of supplier A is characterized by an increased 
amount of spherical shaped particles in contrast to supplier C. Here the 
surface of most particles is not smooth due to particles covered by a large 
number of small satellites and also partially agglomerated particles. A small 
amount of irregular and rounded particles and satellites are also visible at the 
powder provided by supplier B. The powder of supplier D is characterized by 
an increased amount of small particles that form irregular clusters. Particles 
with a diameter of about 50 µm contain an increased presence of satellites. 
The predominant amount of particles provided by supplier E shows a spherical 
shape and contains smaller particles with a diameter of about 20 µm. The 
satellites can affect the apparent density of the powder bed. On the one hand, 
fixed satellites and irregularly shaped particles result in an increased distance 
between two powder particles and consequently in a gap without particles. On 
the other hand, satellites that break off during powder application can fill gaps 
between two particles and this, in turn, leads to an increased density of the 
powder bed. However, satellites and irregular powder particles can also 
negatively affect other properties of the powder such as flowability and 
absorption behavior of the laser light.  
Table 3: Particle size distribution of 1.4404 stainless steel powder provided 
by five suppliers. 
Supplier A B C D E 
d10 in µm  19.44 28.4 28.4 19.6 19.9 
d50 in µm 31.0 42.03 41.02 31.9 33.8 
d90 in µm 47.0 61.37 56.9 47.4 49.5 
 
 
 
 
Figure 3: Morphology of five different 1.4404 stainless steel powders. 
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3.2 Relative Density 
Table 4 shows the tendency of the relative density according to the 
experimental setup. The sections bordered in black represent a process 
window that allows sample generation with a relative density higher than 
99.5 %. An increased value of the relative density can simultaneously be 
registered to the increased volume energy density. The highest density is 
shown for all suppliers with the highest volume energy density 
(EV = 142.85 J/mm³). The diagonally arranged samples were produced with 
the same volume energy density (EV = 95.23 J/mm³). Overall, samples of 
supplier C have the lowest density with an average value of 99.11 % and show 
an inconsistent behavior compared to other sample groups. Samples of 
supplier A show the highest average value of 99.77 %. The result confirms 
that the use of powders with a smaller particle size distribution could achieve 
better densification of the PBF-LB/M samples than larger particle size 
distributions due to the complete melting of the powder material [17, 18]. The 
large specific surface area of smaller particle sizes and consequently the 
multiple scattering is beneficial for increased absorption of the laser radiation 
[20]. The powder material from supplier B and C exhibits comparable particle 
size distributions. Nevertheless, there is a difference in densification. A 
correlation to the morphology of the powder can be assumed. Greater 
irregular particle shapes lead to a partially more inhomogeneous distribution 
in the powder bed which could be beneficial for the formation of pores. Since 
the samples prepared with standard process parameters achieve a 
consistently high relative density (> 99.5 %), these process parameters can 
be transferred to other powder materials of the same class. However, in order 
to achieve higher qualities, small adjustments for each feedstock are 
necessary regarding an increase of the volume energy density (increased 
laser power, decreased scanning speed). 
3.3 Microstructure 
The periodic melt pool geometry of the manufactured samples become 
noticeable after etching and shows that particles have fused within the molten 
and solidified zones (Fig. 4) [7]. The layer upon layer manner and the overlap 
of adjacent laser scan tracks of sample 13 are presented. The designation of 
the samples corresponds to the designation of the suppliers. The structure 
occurs due to the partial remelting of the laser scan tracks [15]. The 
predominant factors for the size of melt pools are process parameters 
including scanning speed, laser power, and focal diameter. The average melt 
pool width of sample B is about 148 µm and represents the highest width. 
Sample C is characterized by the lowest average value of 128 µm. The 
different powder characteristics, e.g. particle size distribution and wettability 
of the melt pool may represent influencing variables.  
According to Hitzler et al. [21] and Casati et al. [15], subsequent heat inputs 
by the generation of the adjacent scan track or the subsequent layer changes 
the grains of the already solidified material, which is called epitaxial growth 
and describes the tendency of needle-like grain growth along the direction of 
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the maximum temperature gradient. The large number of inclusions in sample 
D and the irregular arrangement of the melt pools are conspicuous. These 
effects are particularly represented at the boundaries of the melt pools (white 
arrows). In addition, some microcracks are visible. The agglomerated powder 
particles (presented in figure 3) which form small clusters absorb enough 
energy of the laser beam to be completely molten. But the change in laser-
powder-interaction due to the clusters could lead to irregular melt pool 
geometries and formation of microcracks. 
Table 4: Heat map representing the relative density of manufactured 
samples according to experimental setup (cf. fig. 2a); black-bordered 
sections represent a relative density higher than 99.5 %; microsection of 
sample 13 manufactured with system’s standard parameters showing the 
highest and lowest values . 
Supplier A B C 
 
 
 
 
 
 
ρrel 
 
 
Relative density in % 
 
   
Average 99.77 % 99.66 % 99.11 % 
Sample 13 99.90 % 99.91 % 99.69 % 
Supplier D E  
 
 
 
ρrel 
 
 
   
 
Average 99.66 % 99.69 %  
Sample 13 99.94 % 99.90 %  
Supplier C D  
 
 
Micro-section 
of sample 13 
  
 
100 99.5 99 98.5 98 97.5 97 96.5 96
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Figure 4: Microstructure of five 1.4404 stainless steel samples manufactured 
by PBF-LB/M. 
3.4 Hardness 
A hardness test was performed on the samples produced with standard 
process parameters of the PBF-LB/M system. The hardness test results show 
comparable values for samples from suppliers A, B, C and E (cf. figure 5). 
Only sample D has a significantly lower value. The mean value of five 
measurements is 195.4 HV10 and is therefore approx. 19 % lower than the 
highest mean value of sample E.  
The relative density of the samples mentioned above only differs minimally 
among the manufacturers. Thus, no conclusions can be drawn about the 
respective correlation between density and hardness testing. However, 
according to Cherry et al. [7], porosity is a decisive factor in the hardness of a 
component. As porosity increases, hardness decreases. An influence of the 
microstructure characteristics is a possible cause for the significant difference 
in hardness testing. Small inclusions and microcracks lead to decreasing 
hardness values. 
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Figure 5: Hardness testing (HV10) of five 1.4404 stainless steel samples 
manufactured by PBF-LB/M. 
3.5 Economic evaluation 
In the industrial and research environment, tons of metal powders are usually 
ordered in the long run, so that a previous evaluation of different metal 
powders of the same material classes makes sense. On the market, there are 
strong price differences between the suppliers. The lowest price (supplier B) 
is only approx. 40 % of the most expensive supplier (supplier A). However, 
most likely the application purpose has priority. If heavy-duty components are 
required, the mechanical properties must be tested and guaranteed. To save 
costs, third-party powders can be used. The tests listed in this paper show 
comparable mechanical properties, microstructures, and densities so that a 
transferability of standard process parameters is given.  
4 CONCLUSION 
A feedstock of five metallic powders of stainless steel 1.4404 provided by 
different suppliers is characterized by analyzing the particle size distribution 
and morphology. A standardized build job exhibiting different process 
parameters provides information concerning the variation of the powder’s 
actual processability and transferability of the system’s standard parameters, 
followed by the analysis of microstructure, relative density, hardness, and 
economic evaluation. The investigations show a transferability of standard 
parameters of the PBF-LB/M system regarding the measured quantities. In 
spite of different particle size distributions and morphological properties, the 
output parameters show almost identical values with simultaneously large cost 
differences. However, depending on needs and application, the parameters 
should still be slightly adjusted in order to achieve the highest qualities. As a 
Direct Digital Manufacturing in the Context of Industry 4.0 
213 
starting point for the adaptation of the parameters, the default parameters of 
the favored material class can be used. 
Therefore, it is advisable to process a test batch of powder to test for the 
required quality requirements for the components before large quantities of 
powder are purchased from the supplier. In the future, further parameters for 
powder characterization, such as flowability, absorption, humidity, etc., must 
be considered in order to establish a better correlation to the output 
parameters. The consideration of output parameters includes an extended 
analysis of the hardness, as well as the determination of surface 
characteristics and fatigue and tensile strength. This, in turn, leads to a 
detailed characterization of the powder and component properties.  
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SURFACE OPTIMIZATION IN SLM BY RE-MELTING OF UP-SKIN 
LAYERS 
F. Simoni, A. Huxol, F.-J. Villmer   
OWL University of Applied Sciences and Arts, Lemgo, Germany 
Abstract 
Selective laser melting is an AM process in which three-dimensional metal 
parts can be built with mechanical properties comparable to those of bulk 
materials. As nowadays SLM is a mature and full-grown technology, recent 
studies are focused on detailed optimizations towards improvements in 
physical properties, such as surface quality. According to the state of the art 
and to the standards (as VDI 3405), the final surface roughness obtainable 
with the SLM process is not on the same level as with standard manufacturing 
techniques. This article presents the possibility for a re-melting process of the 
SLM parts as a way to optimize the surfaces of the produced parts. After 
melting the last layer of the part, the same slice data is used to re-expose the 
layer for a re-melting. The influence of laser re-melting on the surface 
properties of the parts is analyzed while varying machine parameters like laser 
power and hatch spacing as well as the number and orientation of the re-
melting tracks. The laser re-melting method with optimized parameter settings 
considerably improves the surface quality of SLM part, and is a great starting 
point for further post-processing techniques, as they require a low initial value 
of surface roughness (i.e. Plasma-polishing). 
Keywords: 
Additive manufacturing, Selective laser melting, Cobalt chrome, Surface 
roughness, Process optimization 
1 INTRODUCTION 
Selective laser melting (SLM) is a powder-based additive manufacturing (AM) 
process in which successive layers of metal powder are molten and 
consolidated by the use of a laser beam. The state of the art of this technology 
allows the production of almost fully dense parts. Functional components with 
high geometrical complexity and customized medical parts are all typical 
examples that reveal the scope of the application areas of this process [1]. 
This manufacturing process plays an important role also in the tool-making 
industry, thanks to its capability in producing tooling inserts with conformal 
cooling channels. However, the optimization of SLM towards the final 
obtainable part quality is nowadays highly requested.  
As with conventional manufacturing processes (e.g. casting and milling), 
metallic parts produced by AM technologies have critical-to-quality 
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characteristics. These include in particular density, strength, hardness, 
surface quality, dimensional accuracy, residual stress properties, absence of 
cracks and structural homogeneity. The quality of additively manufactured 
components is essential if functional components are produced on an 
industrial scale [2]. 
Despite SLM provides many benefits compared to conventional machining, 
low surface quality is one of its major limitations [3]. According to the 
standards, as the German standard VDI 3405, the final surface roughness 
value obtainable with the SLM process is not comparable to the same 
properties of parts produced with standard manufacturing techniques. This is 
mainly due to the nature of the process and to the behavior of the powder 
material. Not optimal machine parameters, as well as partially molten powder 
particles and the need for support structures for inclined surfaces, drastically 
reduce the surface quality of the finished parts. This undesirable outcome 
could be solved during three steps of the global process chain: in the pre-
process, in-process or post-process phases. 
The pre-process phase represents the initial design of the part and the 
definition of the process parameters. This means that a studied and smart 
design of the part and its orientation inside the build chamber of the machine 
is required, e.g. to reduce the needs for support structures and issues related 
to the orientation of the surfaces with the building direction. In-process 
optimization means to optimize the process itself and its parameters to allow 
the production of the part already with the desired characteristics without the 
need of post-processing or at least reducing it in the most effective way. The 
last step, the post-process phase, is nowadays required by all the AM 
technologies (and also by some traditional manufacturing technologies), as 
they do not permit a direct utilization of the built parts after they are produced 
(as active coatings and heat treatments). Between all the techniques used to 
improve the final surface quality of the SLM parts, the in-process approach is 
the most promising, as it grants very good results at a cost of slightly longer 
production time [2].  
2 SURFACE PROPERTIES OF SLM PARTS 
The surface roughness of the SLM parts is highly dependent on many factors 
and building parameters. Among them, grain size of powder particles, layer 
thickness, wall angle, and melt pool size are the most relevant [4]. The wall 
angle parameter is defined as the angle between a specific surface and the 
horizontal plane. Figure 1 shows the influence of the wall angle and layer 
thickness on the surface roughness. 
The combination of wall angle and layer thickness produces the well-known 
staircase effect. 
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The stair size decreases proportionally with the cosine of the wall angle. 
Consequently, the staircase effect can be reduced by decreasing the layer 
thickness or by increasing the wall angle. 
 
 
 
Figure 1: Influence of wall angle on surface roughness [3]. 
In both cases, more stairs appear, but the size of the stairs becomes smaller, 
leading to lower surface roughness. For very high-wall angles (>75°) 
roughness is not improving any further, because the staircase effect does not 
play a role anymore and other effects as balling, cause the roughness to 
increase slightly. The top surface roughness (at 0°) improves strongly for 
smaller layer thicknesses because higher thermal conductivity and the 
presence of less powder lead to smaller and more stable melt pools. The effect 
of layer thickness on side surface roughness (at 90°) is less prominent 
because a good overlap between successive layers is still reached for a layer 
thickness of 50 µm. 
Down-skin or overhanging surfaces with a build angle below 60° have a high 
roughness. Moreover, bottom surfaces with a sloping angle below 30° are not 
achievable without support structures. Bottom surfaces are not finished well 
because of two reasons. Firstly, since the laser beam scans on loose powder 
instead of on solid material, the thermal conductivity decreases and the 
temperatures increase leading to unstable melt pools. Secondly, stalactite 
patterns are formed because the molten material sinks into the loose powder 
by gravity. When overhanging surfaces with low-sloping angles cannot be 
avoided by tilting the part, specific laser parameters for the first few layers 
above the overhanging surface or support structures should be used. [5] 
The work of Elstermeyer and Villmer [6] validates these outcomes and proves 
that worst results for up-skin surfaces are obtained for the top flat surfaces 
(surfaces with a normal vector parallel to the building axis). The optimization 
of the process parameters can limit this undesired effect, but not completely 
avoid it. Hence, some other solutions are needed that can help to overcome 
the low obtainable surface quality for up-skin layers. 
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Figure 2: Impact of wall angle (draft angle) on surface roughness [6]. 
2.1 Laser surface re-melting 
The laser re-melting is a promising feature for the SLM process. Higher part 
density, better microstructure, and reduced surface roughness are some 
benefits that can be obtained with this technique. The working principle of this 
technique is very simple: after a single layer is processed, the same slice is 
scanned again with different scanning parameters. This technique can be 
seen as a particular application of laser polishing direct in the SLM process. 
For up-skin surfaces, the re-melting process is applied only to the layer with 
0° wall angle, and it goes under the name of laser surface re-melting (LSR).  
 
 
 
Figure 3: Schematic representation of laser surface re-melting. 
This feature is capable of producing a high-performance top surface layer with 
strong metallurgical bonding to the substrate. This is obtained with several 
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rapid re-melting and solidification procedures. This process ensures 
significant grain refinement and uniformity of the microstructure in the surface 
[7]. A number of studies have been carried out in recent years in which LSR 
was used to improve thermal fatigue resistance, wear behavior, and adhesion 
resistance [8]. In order to investigate the potential to decrease the surface 
roughness values of up-skin surfaces of SLM parts, the LSR process is 
applied only after the part is completely made by SLM and the last slice 
properties are used for laser re-melting. 
2.2 Experimental Setup 
To understand how efficient LSR can be in the optimization of top surfaces of 
SLM parts, an experimental setup is designed and three build jobs are 
performed. The machine used is a REALIZER SLM 125 and the material a 
Cobalt-Chrome alloy with an average particle size of 10 to 55 µm. This 
material is nowadays largely used in biomedical applications, as prostheses 
for orthopedic and dental implants. [9] 
Table 1: Process parameters variation. 
Process parameter Unit Values range 
Laser Power W 88 ÷ 106 
Scan Speed mm/s 250 ÷ 1000 
Beam Spot Diameter µm 37 ÷ 100 
Number of Re-melting / 0, 1, 3 
Angle btw. Re-melting tracks [°] 0, 45, 90 
 
 
 
The samples produced have the dimensions 15 x 20 x 3 mm³. Because of 
their dimensions and of the build volume of the machine, a maximum number 
of 12 samples for each build job are produced (as it can be seen in Fig. 4). In 
total 36 parts are built. The sets of re-melting parameters changed from 
sample to sample leading to a large number of results to investigate the 
correlation between machine parameters and outcomes. This is possible by 
varying some important process parameters. Using the standard machine 
parameters for the CoCr powder, different combinations of laser power, scan 
speed, and beam spot diameter values, as well as a different number and 
orientation of the re-melting exposures, are tested (Tab. 1). 
To characterize the surface roughness of the parts exposed to LSR, in the first 
two build jobs, four samples are produced with standard machine parameters 
and without re-melting, in order to make possible a comparison of the 
experimental results.  
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After the parts are built and removed from the machine, they are tested with a 
Mitutoyo SURFTEST SV-3200 tactile surface roughness measuring machine 
(Fig. 5). 
 
 
 
Figure 4: Built samples ready to be unpacked from the machine. 
The roughness profiles are then analyzed with the proprietary software and 
the roughness parameters are exported. Each measurement consists of three 
measures taken at three different distances from the longer side of the 
samples. The values of Ra and Rz are then exported.  
 
 
 
Figure 5: Surface roughness measurements. 
2.3 Results and discussion 
Figure 6 shows the roughness profile of the top surface of an SLM part without 
LSR. It is possible to see how the roughness profile is very irregular, with 
rough peaks and deep valleys.  
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Figure 6: Roughness profile of an unprocessed SLM part with Ra=15,68 µm  
(sample 6, build job 2). 
The measured Ra value for this part is 15.68 µm. Analyzing the roughness 
profile of the top surface of a sample processed with LSR, shown in Fig. 7, 
makes visible how this technique really improves the surface quality. 
 
 
 
Figure 7: Roughness of surface an SLM part subjected to three re-melting 
with Ra=5.63 µm (sample 4, build job 3). 
The sample 4 of build job 3 underwent three times of successive re-melting. 
The peaks are smoothened and the valleys are less deep. The measured Ra 
value for this part is 5.63 µm that corresponds to a reduction of 64.09% 
compared to the sample without LSR. These plots and the results visualize 
the efficiency of this technique to improve the surface finishing of SLM built 
parts. Unfortunately, these results are not already comparable with the final 
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surface roughness obtainable after a classic laser polishing process, where 
Ra values of 0.05 to 0.2 µm can be achieved [10]. 
The setup parameters that ensure the best results in the first build job are 
used as a basis for the second one, and so on for the third build job. The 
selective process parameter optimization allows the production of parts with 
very promising results. The machine parameters for the best results are a 
scan speed of 250 mm/s, a laser power of 105 W, a beam spot diameter of 
65.4 µm and three times re-melting cycles. Of course, these parameters are 
related to the particular combination of machine and material used for this 
study. 
To characterize the effect of LSR also on the inner section of the samples, a 
micrographic analysis of an inner cross-section of the samples produced in 
the build job 2, is conducted. This requires a specific preparation of the 
samples. After the grinding and polishing, three images of each sample are 
taken. Using the lower magnification of 50 X, it is not possible to capture the 
upper cross-sections with less than 15 pictures, so it is decided to analyze 
three images, two on the top corners and one in the middle of the upper part 
of the samples. In the following Fig. 8 and Fig. 9 the cross-sections of a sample 
not subjected to LSR and a sample re-exposed three times to LSR is shown. 
 
 
   
(a) (b) (c) 
Figure 8: Cross-section of the top surface of a sample not subjected to LSR 
(sample 6.2). 
The differences between the profiles of the two surfaces are highly 
remarkable. An irregular and rough surface of the unprocessed sample (Fig. 
8) is replaced by a smooth and relatively even skin in the re-melted sample 
(Fig. 9). 
Another benefit of this technique that can be noticed in these two pictures, is 
the reduced porosity just below the surface of the re-melted part. Selective re-
melting provides a densification of the last layer and thus an overall 
improvement of the mechanical and physical properties of the upper section. 
This aspect can be seen in all the samples subjected to LSR. 
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(a) (b) (c) 
Figure 9: Cross-section of the top surface of a sample re-exposed three 
times to LSR (sample 12.2). 
A negative effect of re-melting of the last layer is the height difference that is 
formed between the inner part of the surface and the contour (as can be seen 
in Fig. 9 a). This is a consequence of the densification of the upper section of 
the samples that takes place only in the area of the sample that is re-melted. 
This is due to the fact that only the hatch is re-exposed to LSR, and not the 
contour. Different laser parameters are used for these two scanning areas, 
and the combination of these factors leads to this undesired shape deviation 
in the top surface of the samples. It has to be evaluated whether this 
phenomenon could be reduced by re-exposing also the contour of the 
samples. 
3 POLARIZED LIGHT IMAGING 
An interesting and promising technique to analyze the surface properties of 
SLM parts is polarized light imaging. In many machine vision applications, the 
use of polarization cameras can provide information that cannot be obtained 
with standard monochrome, color, multi- or hyperspectral cameras. 
Applications like those in which reflected and transmitted light must be 
separated, the shape of transparent objects must be analyzed, and where 
removing haze is important, benefit from the use of polarization cameras. To 
appreciate how such applications can benefit from this technique, the nature 
of light and how it interacts with materials must be understood. Light is an 
electromagnetic wave that is composed of an electric field and a perpendicular 
magnetic field. The direction of the electric field is used to define the 
polarization direction of the light. It is the interaction of light’s electric field with 
materials that can be forced in vision applications with polarization. [11] 
To investigate the possible application of polarized light for the evaluation of 
surface roughness, an appropriate setup is developed. A PHOENIX PHX 
050S-PC polarization camera is used, and by changing the settings of the 
camera by the use of the proprietary software ARENA SDK, different pictures 
with several settings for each sample are taken. By changing the camera 
settings, it is possible to modify the acquisition parameters of the camera. 
Polarize parameters like the angle of polarization (AoLP) and the degree of 
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linear polarization (DoLP) are changed, in order to capture the differences of 
surface roughness of the sample in polarized light. The degree of linear 
polarization describes the portion of an electromagnetic wave which is 
polarized, and it is usually indicated in a range from 0 to 100%, where 0% 
stand for an unpolarized wave, and 100% for a perfectly polarized wave. The 
angle of linear polarization for linearly polarized light is the angle of the electric 
field oscillation measured counterclockwise from the x-axis in radians. [12] 
Two samples are considered for this analysis: sample number 6 of build job 1 
(6.1), that is built with standard parameters and without LSR, and sample 
number 4 of build job 3 (4.3), that is undergone three re-melting and has the 
overall lowest Ra value of all the produced parts.  
The images that showed the larger number of differences between the two 
samples are taken choosing only the DoLP as saturation parameter (Fig. 10) 
and both AoLP and DoLP in an HSV (Hue Saturation Value) combination (Fig. 
11). The HSV model is based on the idea that the three main polarization 
components - polarization intensity, degree of linear polarization, and angle of 
linear polarization - are comparable to the color components of brightness, 
saturation, and hue. The HSV model provides better contrast and more 
quantifiable information about a scene’s polarization. At first sight, the hatch 
scans are clearly visible, in both Figures 10 and 11, for the sample 6.1. They 
are horizontal lines parallel to the longer side of the specimen. With three 
successive re-melting, the hatch scans are not visible anymore (sample 4.3), 
and the surface has a completely smoothened random pattern.  
 
 
  
(a) (b) 
Figure 10: DoLP Polarized imaging of an unprocessed SLM part (a) and of a 
part subjected to three re-melting exposures (b). 
Figure 11 shows in the HSV model the same comparison of sample number 
6.1 and sample 4.3. The higher roughness of sample 6.1 reflects less light 
compared to sample 4.3. If less light is reflected by the surface of the sample, 
the amount of polarized light that is captured by the sensor is lower. 
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(a) (b) 
Figure 11: HSV Polarized imaging of an unprocessed SLM part (a) and of a 
part subjected to three re-melting exposures (b). 
This corresponds to a darker image. Vice-versa, sample 4.3, with 64,09% 
lower surface roughness compared to sample 6.1, reflects more light and so 
the image captured by the camera sensor is significantly brighter. This could 
be a reasonable explanation of the different surface roughness as seen with 
a polarization camera.  
4 CONCLUSION AND OUTLOOK 
To overcome the high surface roughness of up-skin layers of SLM parts, the 
laser surface re-melting technique is analyzed. Since this procedure can be 
applied only to flat top surfaces, it can be seen as a particular application of 
laser polishing. The potential of this method of reducing the surface roughness 
of inclined or declined surfaces still need to be proven, because other 
phenomena that induced by SLM, as the staircase effect and balling (that 
occur due to the layer-wise building of the parts and to the powder nature of 
the material), are hard to remove. This practice increases slightly the 
production time but on the other side, it seems to be one of the best solutions 
for applications where the limited surface finishing or the residual superficial 
porosity lead to undesired issues. The obtained results with a Ra value 
reduced by 64.09 %, confirm the quality of this method. 
Together with a metallographic analysis of the cross-sections of the samples, 
polarized light imaging is experimentally used. This method is well suited for 
examination of transparent objects or fluids, and today there are still few and 
very specific applications for measuring mechanical and physical properties 
of steel materials. By separating reflected and transmitted light and by 
reducing haze, this method helps to qualitatively classify the samples with 
different surface quality, but as applied in this research, it does not provide a 
proven methodology to quantitatively measure the surface roughness of a 
metal object. Further analysis should be carried on to investigate on the 
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re-melting depth, on a more precise characterization of the roughness in terms 
of waviness and on the modifications induced in the microstructure of the re-
exposed zone. 
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Abstract 
Additive manufacturing (AM) technologies have improved traditional 
manufacturing mechanisms. They have proposed a new way of constructing 
prototypes and patterns. When using AM, there is typically no need for making 
forms and molds for manufacturing of prototypes and that marks the 
advantage of AM over traditional manufacturing processes. These 
technologies are extensively used for the fabrication of 3D objects, prototypes, 
and patterns. Additionally, these techniques can be used for the production of 
mechanical, electrical as well as optical system based prototypes.  
This paper discusses the prototyping of optical lenses using AM. Optical 
lenses are light guiding and light forming structures, that work on the principles 
of the refraction and the transmission of light. When light rays are incident at 
the surface of a lens, refraction and redirection of these light rays occur.  
The AM method titled stereolithography (SLA) or resin printing is used to 
manufacture the optical lens prototypes. SLA uses a photochemical process 
for manufacturing of 3D object. This photochemical process causes 
monomers to link together to form the concrete polymer structure in a layer by 
layer manufacturing process. 
The lens prototypes were manufactured using optically transparent resin. The 
used SLA process yields some imperfectly printed surfaces, e. g. the surface 
roughness of the lens prototypes, hence it is necessary to optimize the 
surfaces of the lenses after printing. Such post-processing steps involve 
polishing of the printed structures and using optically transparent synthetic 
resin varnish for coating of the lens prototypes. These post-processing steps 
change the light-guiding properties of lenses significantly e.g. minimization of 
the attenuation of the transmitted light. Additionally, it is important to evaluate 
the refractive index properties of the post-processed lens prototypes. The 
refractive index describes how fast the light travels through a particular 
medium compared to the light velocity within a vacuum and can be determined 
using Snell’s law. Due to the different refractive indices, the refraction of the 
incident light at the optical lens is influenced. 
Successive calculations and experiments were carried out using Snell’s law 
for the determination of the refractive index of lens prototypes. The mean 
refractive index of these lens prototypes was estimated and compared with 
the theoretical refractive index of the lens. The results show similar mean 
refractive index as theoretical refractive index. Therefore, these post-
processing steps optimize the lens prototypes to perform significantly better 
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compared to the unprocessed lens prototypes. Thus, it is feasible to 
manufacture lens prototypes using SLA. 
Keywords: 
3D printing, Stereolithography, Optical lens, Light forming structures, Convex 
lenses, Concave lenses, Refraction of light, Focal length 
1 INTRODUCTION 
The use of AM has nowadays enhanced the manufacturing processes in 
development as well as in the research sector. The prototype or the product 
can be directly manufactured by using computer-aided design process (CAD) 
and a layer by layer AM or 3D printing method. The advantage of this 
shortened manufacturing time results in a fast and early evaluation of 
manufactured prototypes. This affects the overall cost of the product 
development as well as the efforts. The flowchart explaining the role of 3D 
printing in prototype manufacturing is depicted in figure 1. 
 
 
 
Figure 1: Steps of prototype manufacturing. 
The product development process is carried out in three steps: design, 
evaluation and 3D printing. The manufacturing of the product starts with 
designing. The designed product is thoroughly evaluated followed by 3D 
printing. This 3D printed prototype is further evaluated to find the corrections. 
The produced 3D printed object is termed as final product if there are no 
corrections. If the prototype evaluation results in some errors, then the 
prototype is again manufactured using 3D printing [1].  
It is possible to manufacture electrical, mechanical and optical prototypes, e.g. 
lenses by using modern AM machines. However, AM does not yield smooth 
surface finishing. Hence it is necessary to post-process these prototypes. It is 
also important to analyze the physical properties e.g. focal length, roughness 
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and refractive index of the printed prototypes by simulation and by 
measurement after production [2, 3]. 
This paper is organized as follows. Section 2 discusses the existing AM and 
their use in 3D printing, section 3 discusses the basics of lenses, section 4 
gives an insight of post-processing techniques in lens manufacturing, section 
5 describes the measurement results of prototyped lenses followed by the 
conclusion in section 6. 
2 RAPID PROTOTYPING PROCESSES 
Rapid Prototyping Process (RPP) is a technique used to quickly fabricate a 
3D model or prototype using CAD data. Most common applications of RPP 
are in the manufacturing of unfurnished prototypes that can be turned into the 
required tolerance by finishing the object after manufacturing. The inherent 
components of RPP are CAD modeling, slicing, and prototype manufacturing. 
Various steps of the RPP are illustrated in figure 2. 
 
 
 
Figure 2: Intermediate steps of RPP. 
The first step of any RPP is CAD modeling. The prototype visualization and 
CAD drawing reduce manufacturing efforts and reproduction. It is possible to 
create any desired form of a prototype using CAD modeling that can easily be 
manufactured using one of the RPPs. The designed CAD model is sliced into 
parts using a computer program. After that, the actual layer by layer 
production of a prototype starts. The necessary steps after manufacturing of 
prototypes using one of the RPPs are discussed in the following sections of 
this paper. Depending on different aspects, the RPPs can be classified into 
five different types. These types are mentioned in table 1.  
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Table 1: Types of RPP. 
Extrusion Process FLM 
Selective Laser Sintering SLS 
Laminate Process LLM 
3D Printing 3DP 
Stereolithography SLA 
 
 
2.1 Extrusion Process 
Extrusion process uses Fused Layer Modeling (FLM) machine for prototype 
manufacturing. The melted solid material is applied layer by layer to build a 
platform using print-head. A wide range of materials from plastics to wax and 
special materials is available for the extrusion process. Some of the 
drawbacks of extrusion process involve rough surface creation and low 
degree of detail [7]. 
2.2 Laser Sintering 
In this process of rapid prototyping, a powdered material is melted and 
processed using laser sintering machine to form prototypes. The construction 
shaft shifts the powdered material over powder bed and the laser source 
simultaneously melts the powder to create the first layer of the component. 
Plastic, metal, and sand can be used for laser sintering based manufacturing. 
Surface roughness and low degree of detail are also observed with laser 
sintering process. 
2.3 Laminate Process 
This process uses rolled foil and laminated object manufacturing machine. 
First of all, the foil is pulled to form a building platform. After this, the thermal 
roll moves over the foil to smoothen the newly formed layer and glue it to the 
previous layers. The components to be removed are carefully cut in the form 
of squares. The materials used in this process are mainly plastic and paper.  
2.4 3D Printing 
3D printing resembles with laser sintering discussed earlier in this section. 
Instead of melting the powdered material, it is stuck together with a binder. 
The manufacturing of prototype proceeds evenly layer by layer using powder 
dispenser and the material is bounded using a print-head. This is the most 
useful and easily applicable RPP.  
2.5 Stereolithography 
Stereolithography (SLA) is the oldest and most accurate RPP. This process is 
based on photopolymerization. It is initiated by the absorption of UV laser light. 
In SLA, it is also possible to use composites, metals, and ceramics as 
materials for manufacturing. SLA requires more time for printing 3D objects 
and hence exhibits higher resolution and surface quality as compared to other 
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RPP. The detailed process for manufacturing of prototypes using SLA is 
described in [4].  
3 OPTICS AND LENSES 
Light is the electromagnetic radiation in a certain part of the electromagnetic 
spectrum represented by the wavelength λ. The wavelength is the distance 
between repetitions of a periodic wave. It is inverse of spatial frequency. In 
the following subsections, the basic concepts of light and light forming and 
guiding structures are explained. 
3.1 Refractive index 
When the light is incident on a medium, there are always two possibilities of 
redirection, reflection, and refraction as represented in figure 3. 
 
 
 
Figure 3: Snell’s law of refraction.  
The measure of refraction of light through a medium is known as the refractive 
index of the medium and is denoted by n and can be approximated by using 
the following mathematical expression. 
 𝑛𝑐 𝑠𝑖𝑛 𝛼𝐸 =  𝑛𝐿 𝑠𝑖𝑛 𝛼𝑇 (1) 
The equation 1 is Snell’s law of refraction, where nc and nL are the refractive 
indices of medium and αE and αT are the angle of incidence and refraction 
respectively.  
3.2 Lenses 
Lenses are the light-guiding structures that use the property of light refraction 
to form light beams. Based on the surface curvature, the light can be 
converged or diverged. Lenses are the major building blocks of light-based 
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sensor systems or optical communication applications [5]. There are two types 
of lenses: aspherical and spherical lenses. In this paper, the latter are 
considered. Spherical lenses have two different radii. The other properties of 
these lenses such as focal length (f), thickness (d) and principle axis are 
depicted in figure 4. Spherical lenses are available in two preliminary types 
namely convex lens and concave lens. Convex lenses have the ability to 
converge the light beam at the focal point of the lens while concave lenses 
diverge the light beam when a light source is placed at the focal length [6].  
 
 
 
Figure 4: Ray tracing and properties of convex and concave lenses.  
4 POST PROCESSING OF MANUFACTURED LENS PROTOTYPES 
Lenses with different focal lengths are printed using SLA and a transparent 
resin to analyze the manufacturability of lenses. The printed lens prototypes 
are translucent. Due to the manufacturing process, the surface of the printed 
lens prototypes shows a roughness in the micrometer range [7], see figure 5a.  
 
 
 
Figure 5a: Unprocessed lens prototype. 
This surface roughness reduces the transparency of the lens prototypes. Post-
processing processes should turn this surface roughness into a smooth 
surface. However, these processes change the physical properties of the 
manufactured prototype. After printing using SLA, the post-processing has to 
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be done separately on all printed surfaces of the lens prototypes. Following 
subsections describe the used post-processing methods.  
4.1 Hand polishing  
The surface of the printed lens prototype is polished using sandpaper and 
polishing cloth, see figure 5b. Polishing smoothens the surface of the lens but 
leaves some uneven residues. This method is suitable for simple shapes 
where lesser accuracy is acceptable. Micromesh pads with higher resolution 
are required to polish the prototypes to achieve higher transparency.  
 
 
 
Figure 5b: Hand polished lens prototype. 
4.2 Lacquering 
The prototyped lens is dipped into a lacquer or an aerosol lacquer is sprayed 
over the surface of the lens. The roughness caused by the manufacturing 
process is smoothened using this method, see figure 5c. This method can 
achieve more complex details as compared to hand polishing. Up to 90% of 
the transparency can be achieved.  
 
 
 
Figure 5c: Lacquered lens prototype. 
4.3 Combination of Hand polishing and Lacquering 
Combination of hand polishing and lacquering involves applying multiple 
layers of clear lacquer over hand-polished lens prototype see figure 5d. A 
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smooth glass-like surface finish can be obtained using this method. Better 
clarity can be observed in the case of repetitive sanding/polishing. 
 
 
 
Figure 5d: Lens prototype post-processed with combination of hand 
polishing and lacquering. 
5 MEASUREMENTS AND RESULTS 
The evaluation of lens prototypes is carried out after manufacturing to analyze 
the light-guiding properties of the printed lenses. The tests involve verifying of 
the refractive index, attenuation of the transmitted light and the focal length of 
the printed lenses. 
5.1 Measurement of the attenuation of transmitted light 
Firstly, the attenuation of light transmitted through the printed lens prototypes 
is analyzed. It is necessary to evaluate the attenuation characteristics of the 
used resin material. The setup for the measurement of the attenuation of 
transmitted light is displayed in figure 6. 
 
 
 
Figure 6: Setup for measurement of attenuation of the transmitted light. 
The setup consists of a laser source, two convex lenses, and an optical power 
meter. The laser emits light of wavelength λ = 635 nm and 1 mW of optical 
power. The convex lenses, with very low attenuation, are used to achieve 
focusing and directionality of the light beam.  
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A cylindrical structure is printed using transparent resin. This structure is post-
processed using three different methods hand polishing, lacquering and 
combination of hand polishing and lacquering. It is further mounted between 
the two lenses. The light beam emitted by the laser source passes through 
the two convex lenses and the printed and post-processed cylinder. Finally, 
the transmitted optical power is detected by the optical power meter. The 
attenuation of the light beam is then calculated using the transmitted optical 
power (Pe) and the detected power (Pa) using equation 2.  
 𝛼 =  −10𝑙𝑜𝑔
𝑃𝑎
𝑃𝑒
 (2) 
The attenuation of light through unprocessed and different post-processed 
cylinders is graphically represented in figure 7.  
This graph shows the attenuation in dB on the ordinate, whereas different 
post-processing methods are plotted on the abscissa. The maximum 
attenuation was observed for an unprocessed cylinder. The polished and 
spray-coated cylinder shows comparatively fewer losses. Lowest losses were 
observed for a cylinder post-processed with a combination of hand polishing 
and lacquering. It should also be noted that the losses through cylinder are 
reduced after every successive post-processing step. 
 
 
 
Figure 7: Attenuation of the transmitted light through the processed cylinders. 
5.2 Measurement of refractive index of material 
The post-processed lens prototypes were analyzed using Snell’s Law to 
approximate the refractive index of the material. The laser beam was focused 
through the printed lens prototype to evaluate the angle of incidence and angle 
of refraction of the light beam. The same process was repeated several times 
to gather measurement results. These collected measurement results are 
used to plot the histogram. This histogram is displayed in figure 8. 
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Figure 8: Histogram of measurements of refractive index of light. 
The mean value of the refractive index (1.5254) obtained after the 
experiments matches theoretically with the refractive index of typical glass 
material. The mean and standard deviation of the expected value is given in 
equation 3. 
 𝑛𝑀𝑒𝑎𝑠 = 1.5254 ± 0.0602 (3) 
This result was calculated using MATLAB and taken into account as the 
standard value of the refractive index for further theoretical calculations. 
5.3 Measurement of the focal length of the lens prototypes 
The unprocessed and post-processed lens prototypes are analyzed using a 
laser beam and an optical power meter to calculate the focal length of the 
manufactured lens prototypes. The setup used for the calculation of focal 
length is depicted in figure 9.  
 
 
 
Figure 9: Setup for measurement of focal length. 
A glass lens is aligned towards a printed lens prototype and the optical power 
meter. To detect the focal point, and therefore the focal length, an iris of 3 mm 
diameter is placed between the printed lens and the optical power meter. The 
laser source emits a light beam of power Pe = 1mW and wavelength λ=635nm. 
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It is passed through this assembly. Both lenses and the iris are adjusted such 
that the maximum amount of light falls on the optical power meter.  
 
 
 
Figure 10: Plot of variation in focal length vs. received power for different 
post-processed lens prototype. 
The detected light power (Pa) was measured continuously using the optical 
power meter. The change of the distance between the optical power meter 
and the printed lens prototype was measured. Lens prototypes post-
processed with different post-processing methods e.g. hand polishing, 
lacquering and combination of hand polishing and lacquering are tested using 
this assembly. The observed results and measurements were plotted in 
MATLAB with respect to the received power. The plot is shown in figure 10.  
The above plot shows the distance between the lens prototype and the optical 
power meter on the abscissa and received power in µW on the ordinate. This 
plot describes that the focal length variation is detectable in case of lens 
prototypes post-processed with lacquering and combination of hand-polishing 
and lacquering. It is again proved that the lens prototype when post-processed 
with the combination of two processes transmits maximum power in the order 
of some hundred µW. 
6 CONCLUSION AND OUTLOOK 
Rapid prototyping processes have emerged in the last few years easing the 
manufacturing efforts of mankind. These processes with the use of CAD are 
best suitable to manufacture prototypes. These prototypes are manufactured 
using transparent resin and SLA followed by post-processing. Refractive 
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index, attenuation, and focal length of the lens prototype were analyzed and 
calculated. The attenuation of light was observed lesser when passed through 
a prototype processed with a combination of manual polishing and lacquering. 
For other post-processed lens prototypes, the attenuation was observed a bit 
more. The mean of the refractive index of lens prototypes matches the 
refractive index of standard traditional glass lenses. There are very slight focal 
length variations for the lens prototypes post-processed using a combination 
of lacquering and hand- polishing. It is possible to manufacture lens 
prototypes using SLA and suitable post-processing methods. Though SLA is 
not a homogeneous manufacturing process, for the described applications it 
works very well. The results, obtained after initial tests, are very good, but it is 
necessary to analyze different optical characteristics e.g. aberration. The 
printed lens prototypes can also be processed using resin coating where the 
lens is dipped in the liquid resin. This results in a smooth thin film of liquid 
resin on the surface of the lens. In further tests, resin coating based post-
processing methods such as dip coating and spin coating will be analyzed to 
get better transparency and performance of the lens prototypes. It should also 
be taken into account that the manufacturing of lenses with the help of SLA 
and post-processing will be the mainstream manufacturing process in the 
future. Hence the experimental evaluation of different lens prototypes will lead 
towards the production of precise lens prototypes that can be used as a 
replacement to the conventional lenses.  
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IMAGE PROCESSING FOR PROCESS MONITORING IN 
ADDITIVE MANUFACTURING 
A. Huxol, E. Scheideler, F.-J. Villmer 
OWL University of Applied Sciences and Arts, Lemgo, Germany 
Abstract 
Long computation times are a major obstacle for the application of in-situ 
monitoring in additive manufacturing. This paper presents a rapid in-situ 
monitoring method, which returns a control value within typical build times. 
Observing powder bed fusion processes reveal that unsuitable parameter 
settings change the appearance of the molten surface and the surrounding 
powder bed. This research includes the photographic documentation of the 
exposed layers. The grayscale distribution is applied to evaluate the product 
quality by using standard process monitoring tools. The method promptly 
returns a performance indicator for required process intervention and control. 
Keywords: 
Selective laser melting, Part quality, Energy density, Layer check 
1 INTRODUCTION 
In many industries, additive manufacturing (AM) is increasingly focused on 
the production of final parts, as it has the potential to solve certain problems 
in the context of decreasing lot sizes and product individualization [1]. To 
exploit the full potential of the technology, AM has to be completely integrated 
into the production process. This requires certain changes in the production 
process itself. For instance, AM machines have to be embedded into 
industrial process chains by increasing the level of automation and 
developing consistent data models [2]. 
Furthermore, the process quality of AM processes has to be improved to 
allow the production of reliable part quality. The implementation of process 
monitoring systems can help to improve the limited or unproven repeatability 
of the build process. At the current state of research and in industrial 
applications, many AM machines are already equipped with certain process 
monitoring tools. Though the existing process monitoring solutions show a 
potential to improve the reliability of the SLM process, they are not yet fully 
applicable for process control [3]. 
2 SELECTIVE LASER MELTING 
The term additive manufacturing describes different technologies that create 
parts directly from three-dimensional CAD data, by the additive joining of 
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volume elements, usually in the form of layers [4]. Since the first developments 
of AM in the late 1980s, a large variety of technologies has come up. Today, 
several of these show a degree of maturity that allows their application for final 
part production.  
One of the most important AM technologies for final part production is 
Selective Laser Melting (SLM), which is a powder bed fusion process for metal 
materials. In principle, a layer of powder is with this method spread onto a 
build platform, and afterward selectively fused by use of a laser beam in the 
area where the part is to be generated. Next, the platform is lowered minimally 
and a new layer is spread and fused again. This procedure is repeated until 
the final height of the product is reached. Thus, the product is generated layer 
by layer, surrounded by the residual powder. As the laser beam fully melts the 
powder, almost completely dense metal products can be produced. 
The SLM process is subject to a large number of influencing factors. For the 
in-process, these parameters include the definition of the exposure strategy, 
e.g. hatch definition, laser energy, and scan speed, but also the environmental 
control of the build chamber, including gas flow, atmosphere, and 
temperature. Besides these, many factors of the pre- and post-process stages 
have a strong impact on the process result but are not focused in this paper. 
Anyhow, the extensive number of influencing parameters hinders the 
development of suitable methods for process control and quality assurance, 
especially as the quantitative correlation between the parameters and the 
process results are mostly unknown [5]. 
The application of the SLM technology offers new opportunities in design and 
manufacturing, as it provides increased freedom of geometrical design and 
economical production of single-parts and small lot sizes. Nevertheless, the 
technology also shows some limitations, especially regarding maximum part 
size, accuracy, and surface quality. The achievable precision is different for  
x-, y- and z-direction, commonly a geometrical accuracy between 0.05 and 
0.2 mm is considered as a state of technology. The precision depends on the 
diameter of the laser beam and the layer thickness. Due to the welding 
process and the structure of the powder material, the resulting surfaces are 
rough compared to common subtractive machining, with average roughness 
values of around 20 µm [6]. 
2.1 Process parameter correlations 
The view on process parameter correlation follows the ideas of Mani et al. [7]. 
In an AM process, correlations exist between the process parameters, 
process signatures and product qualities. The AM process parameters are the 
input factors, which sometimes are subject to uncertainties. These parameters 
can be categorized in controllable, such as laser power and scan speed, or 
predefined parameters. For example, material properties are predefined for 
every build job. The process signatures are dynamic characteristics of the 
powder heating, melting and solidification processes as they occur during the 
AM process. They are categorized into either observable that means 
measurable signatures or derived and determined from analytical modeling or 
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simulation. The product qualities are also grouped in geometric, mechanical 
and physical qualities. 
Mani et al. identified a large number of process signatures, which may 
potentially be monitored to identify irregularities that might result in poor 
product quality [7]. The basic idea is categorizing the parameters and 
identifying their general relationship. 
2.2 Process Monitoring in SLM 
Quality control measures for SLM are largely limited to quality inspection, due 
to a lack of empirical data regarding the quantitative correlation between the 
process parameters and results. Current quality management (QM) 
techniques in manufacturing are based on statistical analysis and require a 
large number of identical tests to deliver a sufficient database. In the case of 
small lot sizes, the production process will not deliver an appropriate number 
of parts for testing which makes these methods difficult to apply for AM. 
Together with the limited availability of design rules and specified tolerance 
classes for AM technologies, it is extremely difficult to achieve a proven 
process capability [8]. 
The lack of applicable QM methods is also reflected by the fact that an 
increased reproducibility of the process output and the development of 
suitable quality assurance methods are among the crucial success factors, 
which can be identified for AM technologies [1]. The implementation of 
process monitoring systems in SLM can help to overcome the problem of 
limited or unproven repeatability of the build process. In the first stage, it can 
enable the identification of defects during the build process, in a final stage 
this may lead to the development of closed-loop control systems. 
Various approaches towards process monitoring for additive manufacturing 
are found in research as well as in industrial machines. Current research 
approaches mostly use optical measurement methods for different indicators. 
Camera- or photodiode-based systems are applied to detect changes in the 
melt pool emissions, irregularities of the powder bed surface, or deviation in 
the geometry of the individual layers [9, 10, 11]. For several of these 
approaches, it is shown, that the measured signals change in areas, where 
parts show defects. Nevertheless, full proof of applicability for inline process 
monitoring is not yet available [3]. 
Besides the research approaches, commercial process monitoring solutions 
are integrated into or available for SLM machines from different suppliers. 
These systems can be divided into five categories: condition monitoring, 
powder bed monitoring, laser power monitoring, melt pool monitoring, and 
documentation of the individual layer surfaces. The condition monitoring 
applies various sensors to analyze the current machine status. Therefore, 
safety-relevant parameters, like temperature, oxygen content, and gas flow 
are measured. These systems are usually capable of stopping a build 
process, when critical parameters exceed the limits of the process window, 
e.g. too high oxygen content in the build chamber. The powder bed monitoring 
is applied to supervise the application of new powder layers. Some of these 
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systems are capable to react on certain process conditions, like calculating 
the amount of powder that is applied in each layer [12] or repeating the powder 
coating, when failures are detected [13]. 
Results of the laser power monitoring and of the melt pool monitoring are 
recorded and presented position-dependent. This enables the machine 
operator to identify areas of the final part, in which the laser power or melt pool 
behavior differs from the standard values. While all systems use a photodiode 
for measuring the laser power, different approaches are applied for the melt 
pool monitoring. Therefore, either photodiode- or camera-based systems are 
used. Cameras capture the individual layer surfaces after the melting of each 
layer.  
At the current state, the systems are mainly collecting data, which is manually 
evaluated afterward. Changes in the signals are used as indicators for final 
part inspection. For parts that are produced in larger numbers, it is possible to 
compare the data of a larger number of parts to come to threshold values. 
However, this is not feasible for individual parts or very small lot sizes. Here, 
it is necessary to find a possibility to define general thresholds [3]. 
Furthermore, the large amount of data that is collected by the process 
monitoring tools is difficult to handle. Current systems mostly collect the data 
during the build process and analyze the entire data after the process is 
completed. 
3 RESEARCH APPROACH 
Currently, a lot of experience is required to operate an SLM machine and 
produce high-quality parts. The experience gained by the operator can enable 
the identification of certain problems in the build process. For example, it is 
possible to identify parts with a very high energy input, that have a high risk of 
curling or forming an uneven surface. This experience can be mimicked by 
image processing solutions. The presented research approach aims to 
develop an image processing methodology applicable to identify parts that are 
likely to show curling due to high local energy input. The methodology is 
intended to use simplified models for the calculation to achieve short 
processing times and thus, enable the application for in-process monitoring 
and control. 
3.1 Preconditions 
An experimental design is prepared to identify influencing parameters on the 
part porosity. Therefore, cubes of 8x8x8 mm³ are built from a CoCrW dental 
alloy. The machine used in this experiment is a Realizer SLM 125 with a build 
chamber of 125x125x200 mm³. For documentation purpose, the machine 
captures images of each layer after spreading the powder layer and after the 
melting process by a monochromatic digital camera with a resolution of 
1280x720 pixel. 
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The layer thickness is kept constant at 25 µm and the hatch is changing 
between x-hatch in odd layers and y-hatch in even layers. All parts are built 
with different parameter combinations resulting in different volumetric energy 
densities. The volumetric energy density E is calculated according to Eq. 1 
 
(1) 
Where P is the laser power in Watt, dp is the point distance in mm, te is the 
exposure time in s, dl is the layer thickness in mm and dh is the hatch distance 
in mm. The parameters laser power, point distance and exposure time are 
varied between three different values each, which results in volumetric energy 
densities between 30.00 and 185.33 J/mm³. The observation of the build jobs 
reveals irregularities for the samples with the highest energy densities, as 
shown in Figure 1. 
 
 
 
Figure 1: Formation of a curled part during the SLM process 
a) part height 0.65 mm, b) part height 0.675 mm, c) powder layer at part 
height 1.125 mm. 
For the top-left sample in the pictures, an accumulation of burnt material is 
visible. Its position depends on the hatch direction (Figure 1 a) and b)). In 
successive layers a curling effect of the surface becomes obvious (Figure 1 c)) 
that can cause damages on the powder spreading system. These parts have 
to be deleted from the further build process. 
3.2 Image processing 
The aim of the research approach is to develop an image processing 
methodology that can be applied to identify parts that are likely to show curling 
due to high local energy input. The methodology is intended to use simplified 
models for the calculation to achieve short processing times and thus, enable 
the application for in-process monitoring and control. 
In a first approach, the images captured after the melting of the individual 
layers are used to identify areas where burnt material is accumulating near 
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parts with high energy input. To identify differences between the good and the 
substandard parts, images from the experimental setup as described in 3.1 
are analyzed. Therefore, the surrounding areas of the cubic sample are 
separated into North, East, South, and West regions, as shown in Figure 2. 
 
 
 
Figure 2: Images processed for identification of burnt material. 
The four areas are selected corresponding to the hatch direction, as it has an 
influence on the position in which the burnt material is deposited. In the current 
setup, where x- and y-hatches are used, the accumulation of burnt material is 
found either in the North or in the East area depending on the layer. 
For each of the areas, the grayscale distribution is calculated and presented 
in the form of a histogram. A curve fitting with a standard Gaussian curve is 
applied to each of the histograms, Figure 3. These show different results for 
areas with and without burnt material. The widths of the curves differ, as 
represented by the coefficient c1. A larger value indicates a larger width. 
Furthermore, the goodness of fit is different, which is represented by the R² 
value. A larger value indicates a better fit of the curve. 
By combining these to values an indicator Ib for the presence of burnt material 
can be calculated according to Eq. 2 
 
(2) 
For the East area, where no burnt material is present, the indicator is IbE = 1.7, 
whereas the indicator for the North area is IbN = 13.2. A clear difference 
between the indicators is obvious. A further advantage of using a relative 
value as an indicator is that it filters the effect of different lighting situations in 
different areas of the build envelope, as can be seen in Figure 2. These 
differences occur due to the arrangement of camera and light sources relative 
to the build platform, which is not concentric. Thus, a comparison of absolute 
values delivers results dependent on the part position. 
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Figure 3: Grayscale distribution and fitting of a Gaussian curve for a) East 
and b) North of sample 2. 
3.3 Evaluation 
For evaluation of the developed method, it is applied to a successive build job. 
In this build job round test specimen with conical clamping heads according 
to DIN 50125 – D 5 x 25 [14] with an increased parallel length of 80 mm (total 
length of 104 mm, maximum clamping head diameter of 18 mm) are built. The 
evaluated images are captured during the production of the upper clamping 
head. Due to different parameter settings, good and sub-standard parts are 
produced in this build job, as shown in Figure 4.  
 
 
Figure 4: Position of good (B5) and sub-standard (A4) samples on the build 
platform. 
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An accumulation of burnt material is clearly visible in the area of the sample 
A4. Furthermore, the final part shows a rather strong deformation of the 
surface, resulting in a sub-standard quality of the part. In comparison to this, 
the sample B5 shows a smooth surface and no disturbances of the 
surrounding powder bed are visible during the build process. 
The developed image processing method is applied to the images of 50 
successive layers. The values for the samples A4 and B5 are compared to 
validate the applicability of the results for the identification of sub-standard 
parts. Figure 5 shows the resulting indicator Ib for the analyzed layers of both 
samples. The position of the deposited burnt material is depending on the 
hatch direction and changes between the layers with X- and Y-hatch. To 
enable an automated calculation of the indicator, it is calculated for all four 
regions in every layer and those values are compared. For further evaluation, 
the area with the lowest R2 value is considered in each layer. Those values 
are represented by the graphs in Figure 5. 
The comparison of the values shows a significantly different behavior of the 
indicator values. The indicators of the sample B5 show a small deviation 
around within the range of 4.8 to 6.4. The indicators of the sample A4 show a 
higher deviation and also a higher level in general, as they vary between 9.7 
and 14.7. Both data series show an increasing trend, which can be attributed 
to the analyzing method instead of real changes in the appearance. 
 
 
 
Figure 5: Indicator Ib of samples A4 and B5 for 50 layers. 
For further evaluation, the images of the individual layers in the segment of 
the parallel length of the tensile bars are analyzed. As can be seen on the 
images compared in Figure 6, the appearance of the sub-standard part A4 
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changes in the regions of the parallel length. No accumulation of burnt 
material can be detected in these layers.  
 
 
 
Figure 6: Captures of part A4 (top right) at different layers. 
This is likely to be caused by the different size of the exposed cross-sections. 
While the inserted energy per square millimeter is the same, the overall 
amount is smaller due to the smaller cross-section in the layers representing 
the parallel length. Furthermore, the heat conduction is influenced not only by 
the exposed area in the layer itself but also by the volume of solidified material 
in the previous layers. Comparing the indicator Ib to the mechanical properties 
determined in the tensile test of the samples does not show a correlation. 
4 CONCLUSION 
The presented image processing method is currently applicable to identify 
parts which are likely to cause severe problems in successive layers. As only 
a limited area of the powder bed surface is analyzed by applying standard 
procedures of image processing, the processing time is relatively short. 
Integrating this evaluation into the process monitoring tools of an SLM 
machine can help to identify parts with problematic energy input before they 
start to grow out of the powder bed and may cause damages to the recoater 
system. 
While the method can easily be adapted to rectangular parts with constant 
cross-section areas, the application for complex parts requires a combination 
with the geometrical information in each layer. To define the areas for 
monitoring, it is necessary to know, which parts of the powder bed are 
exposed in each layer. For further reduction of the processing time, additional 
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information on the direction of the hatch scan can be included. As all this 
information is available before the start of the build job, the areas of interest 
can be calculated for each layer in advance. 
Furthermore, it is necessary to determine threshold values for the indicator Ib 
for necessary intervention. At the current state, this is impeded by changes of 
the lighting situation throughout the build chamber and a limited camera 
resolution. The combination of the results with process parameters can not 
only enable a process monitoring but also contribute to the development of 
closed-loop control systems. Therefore, it is necessary to determine which 
parameters need to be changed to avoid the identified effect. 
5 OUTLOOK 
The presented approach is only capable of identifying severe failures caused 
by a too high amount of energy input or major problems in the heat conduction. 
To gain information on other aspects of the part quality, different monitoring 
methods have to be developed. As the reflectiveness of the melted surfaces 
impedes the caption of images suited for image processing, one possible 
approach is to reduce the influence of the reflection by applying polarization 
analysis for image processing.  
 
 
 
Figure 7: Grayscale representation of hue saturation compared to roughness 
profiles of SLM samples. 
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Figure 7 shows the comparison of two SLM parts with different surface 
roughness, as represented by the roughness profiles measured with a tactile 
stylus instrument. The images on the left side show a grayscale representation 
of the hue saturation of pictures, taken with a digital polarization camera. As 
the reflection is mostly removed from these images, differences in the surface 
representation can be seen. A suitable algorithm has to be developed to 
automatically identify the differences. Furthermore, different information like 
the degree of linear polarization or the angle of linear polarization can be 
evaluated regarding their suitability to deliver information on the part surface. 
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THE DIGITAL TWIN THEORY -  
DESIGNING A TEST INFRASTRUCTURE USING SYSML 
S. Imort, A. Deuter 
OWL University of Applied Sciences and Arts, Lemgo, Germany 
Abstract 
Since the introduction of the term Industry 4.0, dramatic technology 
advancements in digitalization are taking place among companies. During this 
progress, the concept of the digital twin has been created. While a clear 
definition of this concept cannot be established among researchers and 
practitioners, the general direction towards a “digital representation of an 
asset” seems to be the common ground. To generate a better and more 
specific concept of the Digital Twin, the idea of a theoretical model instead of 
a firm definition was recently published. This theoretical model, called the 
Digital Twin Theory, consists of eight hypotheses. However, these hypotheses 
need to be discussed to be confirmed or refuted. This paper aims to support 
this process by designing an appropriate test infrastructure using the modeling 
language SysML. 
Keywords: 
Systems Engineering, Digital twin, SysML, Industry 4.0, Asset administrative 
shell (AAS) 
1 INTRODUCTION 
A digitalized industrial sector offers tremendous economic potential: In the 
mechanical and plant engineering sector alone, a cumulative increase in 
productivity of 30% is anticipated by 2025 as a result of Industry 4.0 [1]. Many 
analysts agree that the so-called digital twin plays a leading role in a digitalized 
industry. According to Gartner, it is a key element of the product lifecycle 
management that has the potential to save several billion euros [2]. Digital 
twins may help to shorten development times, to simulate system behavior 
well before the physical system is created, to monitor the system behavior 
during runtime, etc. Although there seem to be many advantages of digital 
twins, practitioners struggle to implement this concept. Some of the 
challenges they have to solve are the efficient data management of the 
product along the product lifecycle, the creation of simulation models in 
different IT systems and the management of huge data volumes [3]. 
Another concept, which addresses the digital representation of assets, is the 
so-called asset administrative shell (AAS). An AAS is defined as “a 
standardized digital representation of the asset, cornerstone of the 
interoperability between the applications managing the manufacturing 
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systems” [4]. Although it clearly has some relation to the concept of the digital 
twin, a common understanding of both concepts is still missing confusing 
practitioners even more.  
In order to understand the nature of digital twins better, practitioners need two 
supporting aspects: First, the term digital twin must be clarified. For this, an 
alternative concept, called the Digital Twin Theory was recently introduced [5]. 
Rather than being just another definition, the Digital Twin Theory is a 
framework of hypotheses aiming to improve the management of digital twins. 
Second, practitioners need a real test environment. The test environment 
should be able to demonstrate the management of digital twins and their 
relation to the AAS. Furthermore, it should be a platform where practitioners 
can try out their individual digital twin management. 
This paper describes the process of designing such a test infrastructure. 
Section 2 presents some relevant work. Section 3 describes the design of the 
test infrastructure. Section 4 discusses the potential evaluation of the 
hypotheses using the test infrastructure. Section 5 outlines the conclusions 
and future work. 
2 RELATED WORK 
The work of this paper belongs to the context of Industry 4.0. As there are 
several topics around Industry 4.0 this section only briefly looks into the terms 
Digital Twin and Systems Engineering with SysML. 
2.1 The Digital Twin Theory 
The digital twin is seen as a major tool for increasing productivity in the age of 
industrial digitalization. A number of publications are therefore focusing on this 
concept creating several definitions of the term. However, these are of little 
value in the practical implementation of digital twins, as the definitions vary 
greatly in some cases as following examples show: The digital twin is a digital 
representation of things from the real world [6]; a concept with which data and 
information of atoms are assigned to bits [7]; a computer-aided model of a 
tangible or intangible object [8]; a synonym for the Industry 4.0 asset 
administration shell [9]. 
Although these partially contradictory definitions do not hinder to investigate 
in the development of digital twins, in [5] an alternative approach to deal with 
digital twins was recently presented, the Digital Twin Theory. It bases on 
several hypotheses about a digital twin namely: 
1. A digital twin is a digital representation of an asset. 
2. A digital twin is located in several places simultaneously.  
3. A digital twin has multiple states. 
4. The digital twin has a context-specific state in a specific interaction 
situation. 
5. The information model for digital twins is infinitely large; it is a real 
information model. 
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6. The real information model can be finitely approximated for a specific 
application scenario, becoming a rational information model. 
7. The rational information model cannot be stored in a single place. 
8. The rational information model is never completely visible. 
 
For a detailed explanation of the hypotheses, it is referred to the original paper. 
However, Figure 1 shows some of the elements named in the hypotheses. 
 
 
 
Figure 1: Infrastructure for digital twins according to [5]. 
2.2 Modeling with SysML/SYSMOD 
Before an infrastructure, as shown in Figure 1 can be created a thorough 
system design is required. The science of Systems Engineering (SE) is well 
suited for such complex tasks. Systems Engineering is an interdisciplinary 
approach used to enable the successful implementation of systems [10]. 
Traditional systems engineering projects have been rather document-based. 
The document-based systems engineering includes the generation of textual 
specifications and design documents, which are exchanged between all 
stakeholders. However, these methods reach their limits when designing the 
more and more complex systems of today. Consisting of mechanics, 
electronics and software. Therefore, the so-called Model-Based Systems 
Engineering (MBSE), which is based on a model of the system, is nowadays 
considered as state-of-the-art systems engineering approach. To create a 
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model, it is necessary to use a modeling language such as the System 
Modeling Language SysML. 
SysML is a graphical modeling language designed for the modeling of 
technical systems. It bases on the Unified Modeling Language UML and is 
standardized by the Object Management Group (OMG) [11]. As in any 
graphical language, different diagram types are the core of SysML. SysML 
defines nine diagram types. Some of them are identical to UML, some are 
modified and some have been specifically defined for SysML. Figure 2 shows 
the SysML diagram types and the differences to UML. 
 
 
 
Figure 2: SysML diagram types [12]. 
Although SysML is a comprehensive standard, it does not provide a 
systematic procedure for modeling systems. However, according to [13] 
Systems Engineering requires both, the system model and the process model. 
SYSMOD is a process-model based on SysML [12]. It describes a systematic 
approach starting to view a system as a black box, analyzing the system’s 
environment and detailing the system. It is a flexible framework: users are free 
to choose the appropriate steps and adding new ones if required. SYSMOD 
defines two major phases: the analysis phase and the architecture phase. This 
paper only addresses the analyses phase, which consists of the following 
steps: 
1. Description of the system idea 
2. Determination of the system context 
3. Identifying the stakeholders 
4. Developing the requirements 
5. Identifying the use-cases 
6. Detailing the use-cases 
7. Determination the domain knowledge 
 
Each step requires one or more SysML diagram types. The next section 
explains these steps by describing the process of the test infrastructure 
design. 
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3 DESIGNING THE TEST INFRASTRUCTURE 
3.1 System Idea and Context 
The basic idea of the Digital Twin Theory results in company-wide connectivity 
of the rational information model and the context-specific views of every asset 
along the complete lifecycle. The asset administration shell (AAS) is 
considered as suitable to implement the rational information model of digital 
twins. The AAS differentiates between two types of assets when developing a 
product: type and instance. The type can be seen as the construction plan, 
whereas the instance is the real product, which is produced based on the 
construction plan. 
The type consists mainly of planning and construction data. Hence, 
Application Lifecycle Management (ALM) data and Product Lifecycle 
Management (PLM) data are the core of the rational information model. As 
the instance is produced based on the information provided by the type, the 
rational information model of the instance contains all additional information 
created during the production process such as test-data, identification of 
supplier components, etc. Furthermore, the rational information model of the 
instance includes maintenance and real-time data once the belonging product 
is in operation. 
Using the AAS as a baseline for the test infrastructure, it is possible to draw 
first conclusions about the system context in which a digital twin is able to 
work. Viewing the test infrastructure as a black box in the sense of SYSMOD, 
the IT-Systems used in the test infrastructure are not part of the system. 
However, the data they store (the rational information model) is part of the 
system. Therefore, a test infrastructure is able to point out the surrounding 
aspects of the digital environment a company has to create to run the concept 
of the digital twin following the DTT. A working test infrastructure can then be 
used as a blueprint for everyone to analyze and/or change their own 
infrastructure. 
3.2 Requirements specification 
Based on the system idea and the system context three categories have been 
developed. Each category consists of several requirements. Since Fig. 1 
shows only the general idea of the test infrastructure, the following 
requirements are created from the user's point of view to bring additional 
information to it. The classification into categories is made to give the viewer 
a better overview of what the test infrastructure is concentrating on. 
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The categories are: 
1. Ingress protection 
a. Security – Roles / Read Rules 
b. Secure data transactions 
c. Tamper protection 
2. Communication skills 
a. Information and interaction models 
b. Distributed rational information model 
c. Availability of the rational information model 
3. Information modeling 
a. Lifecycle modeling 
b. Creation of types and instances 
c. Versioning 
d. Nested rational information models 
e. Identification 
f. Localization  
 
The requirements belonging to the category ingress protection are focusing 
on the security aspect of digital twins. The idea is to reduce the amount of 
data of each rational information model to adjust to the user's needs. In doing 
so, certain information is not going to be visible for a user without a specific 
role or function within the lifecycle of the asset. In addition to that, a secure 
data transaction from and to the rational information model has to be secured 
by fulfilling these requirements. 
The transaction of data is also a vital part of the communication requirement. 
Since the rational information model will be distributed over an unknown 
amount of external software and databases, a standardized way of 
communication has to be used to connect these systems while fulfilling the 
security requirement. Moreover, the size of companies can vary greatly. 
Therefore, scalability has to be included in the infrastructure for managing 
digital twins. 
The last category of requirements handles the information modeling aspect of 
digital twins. Besides the already mentioned distinction between type and 
instance, it has to be possible to nest the rational information model of digital 
twins to create a hierarchy for the representation of more complex assets. 
Moreover, organized versioning, as well as interoperability and identification 
within the rational information model has to be given.  
3.3 Use-Cases 
Based on these categories of requirements different use-cases were created. 
The use-cases describe the usage of the test infrastructure in a general way. 
These use-cases are either triggered and/or processed by the system or by 
an actor (Table 1). Since the goal of a test infrastructure is to describe the 
environment in which a digital twin needs to function, the functions of the 
digital twin have to be established first. The following table shows the basic 
functionality of a digital twin. 
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Table 1: Generic use-cases of the test infrastructure. 
ID Name Purpose 
RI-UC001 DT extend change 
(type, instance) 
Change or add data to the rational 
information model. 
RI-UC002 View DT (roles, read 
rules) 
Read the data of the information 
model based on access rules and 
the user’s role. 
RI-UC003 Interface for external 
software 
The context-specific views have to 
be connected to the data sources 
containing the rational information 
model. 
RI-UC004 Produce asset based 
on the DT (type, 
instance) 
The type has enough construction 
data to act as an instruction manual 
for the production of the instances. 
RI-UC005 Automatic creation of 
a DT (type) 
Based on existing data the rational 
information model of the type will 
be created automatically. 
RI-UC006 Versioning of a DT If data is changed, a new version of 
the rational information model will 
be generated automatically. 
RI-UC007 Automatic data 
generation (e.g. the 
roll-out) 
If a product is going to be delivered 
to a customer, some parts of the 
rational information model of the 
instance will be delivered as well. 
To secure the vendor’s intellectual 
properties it is a reduced data set. 
RI-UC008 Integration of a 
foreign DT 
The rational information model of 
an external digital twin has to be 
integrated into the local system. 
 
 
 
There are some interactions between these use-cases. One of the main use-
cases is RI-UC005. The “Automatic creation of a type” is central to the test 
infrastructure. In addition to that, the type can be edited afterward to create 
different versions (RI-UC006). This editing is done by the numerous software 
and databases, which are part of the infrastructure. Inside this process, RI-
UC002 acts as a magnifying glass, so only the necessary information for the 
current user is shown. 
After the final version for production is set, use-case RI-UC004 is an example 
of the production process. The type acts as the instruction manual for the 
creation of the instance. While production is running, data has to be added to 
the instance to describe it as much as possible. To monitor all products each 
instance has to be stored and versioned (RI-UC006). 
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After production is finished, the product will be delivered to the customer. To 
secure confidential company data, the rational information model of the 
instance has to be reduced to contain only that information the customer is 
allowed to see (use-case RI-UC007). The SysML use-case diagram 
containing all use-cases is shown in Fig. 3. 
 
 
 
Figure 3: Use-case diagram structure. 
3.4 Applying the test infrastructure to a factory 
To create a test infrastructure for a real factory the generalized use-cases from 
chapter 3.3 can now be made more specific to be able to evaluate the Digital 
Twin Theory. For this, the use-cases are specified to fit the production line of 
the so-called SmartLight. The SmartLight is a mechatronic product developed 
and produced in the SmartFactoryOWL, a joint initiative of the OWL University 
of Applied Sciences and Arts and the Fraunhofer society [14]. While the 
structure (Fig. 3) has to stay the same, the use-cases details can now be 
changed (Table 2). This process shows that the general use-cases shown in 
Fig. 2 are highly adaptive to real circumstances and can be used as a baseline 
for anyone who is planning to implement the DT into his production process.  
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Table 2: Use-cases of the specific test infrastructure. 
ID Name Purpose 
SL-UC001 Extend or change the 
SmartLight DT (type, 
instance) 
While the additive manufacturing 
process is running, life information 
is being added to the rational 
information model of the instance 
SL-UC002 Display workplace 
and employee-
specific datasets 
The PLM system is only showing 
context-specific data to an 
employee. 
SL-UC003 Interfaces for PLM/ 
simulation tools etc. 
A connection between the PLM 
system containing parts of the 
rational information model and 
specific authoring tools is created. 
SL-UC004 SmartLight 
production process 
The chosen SmartLight design from 
the customer order is the basis for 
the production process. 
SL-UC005 Automatic generation 
of DTs of SmartLight 
components 
If a new design for SmartLight 
components is created the 
corresponding part of the rational 
information model is created 
automatically. 
SL-UC006 Versioning of the 
SmartLight DT’s 
Based on SL-UC005 the new 
rational information model will be 
stored under a new version 
number. 
SL-UC007 DT delivery format If the production process is 
finished, IP-protected data of the 
additive manufacturing process will 
be marked as such in the rational 
information model of the instance. 
SL-UC008 Integrate an external 
DT into the local 
system 
The SmartLight contains some 
external components. The rational 
information models of those 
components have to be added to 
the rational information model of 
the SmartLight. 
 
 
4 INITIAL VALIDATION OF THE DIGITAL TWIN THEORY HYPOTHESES 
The status of work regarding the test infrastructure includes the modeling up 
to the use-cases. The next modeling step regarding SYSMOD addresses the 
Domain-Knowledge. This includes the analysis of the major components used 
in the test infrastructure and the relation between the components. 
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Components are e.g. the IT systems as well as the physical systems such as 
3D printers. Even if this step is not done yet, one can recognize that the 
hypotheses of the Digital Twin Theory are not refuted by the current 
requirements and use-cases. Especially, the distinction between the context-
specific states of digital twins and their information models is rather confirmed. 
Furthermore, the hypotheses saying that digital twins have several states 
seem to be confirmed, too: A user of an instance considers the state of it 
differently than the vendor of the instance as the user can only access a limited 
data set of the rational information model. However, these are only first 
indicators about the validness of the Digital Twin Theory. As this work primarily 
aims to set up the test infrastructure, further work to validate the Digital Twin 
Theory is required. 
5 CONCLUSION 
The digitization of the industry is moving at a rapid pace and the digital twin 
plays a significant role in the digitized industry. However, as the term is hardly 
well-defined practitioners struggle with the digital twin management. The aim 
of this work is to support practitioners to overcome these challenges. The 
starting point is the recently introduced Digital Twin Theory containing a set of 
hypotheses about the nature of digital twins. In order to evaluate these 
hypotheses, a test infrastructure is needed. As a test infrastructure is a 
complex system, tools and methods of Systems Engineering need to be 
applied to design it. 
This paper demonstrates the process of modeling the test infrastructure using 
the modeling language SysML and indicates how the test infrastructure can 
be used to evaluate the Digital Twin Theory hypotheses. The initial 
assessment shows, that the hypotheses can be rather confirmed than refuted. 
However, as the work is far from being finished, further research work is 
required. Especially, the test infrastructure needs to be implemented in the 
next step. This is an ongoing work of the research team working on this topic. 
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Abstract 
Additive manufacturing (AM) is often associated with considerable 
advantages in the literature. Frequently cited benefits include the possibilities 
of customer-specific individual production, cutting product development times, 
reducing transport costs and inventories, and optimizing product design. What 
do practitioners from German small and medium-sized enterprises (SMEs) 
perceive to be AM’s benefits and limitations? The empirical data reproduces 
the advantages and constraints of AM that are frequently cited in the literature. 
However, literature and practice prioritize significantly different advantages 
and constraints. The study was based on an innovative exploratory-qualitative 
research method: it reports the empirical results of four World Café workshops 
conducted with 150 practitioners across different industries. It serves as a 
starting point for further research, in particular on the gap between the 
technology’s capabilities and perceived applications. 
Keywords: 
Additive manufacturing, AM, 3D printing, World café, Small- and medium-
sized enterprises, SME 
1 MOTIVATION AND OBJECTIVES 
Additive manufacturing (AM), also known as three-dimensional printing, is 
often associated with considerable advantages in the literature. Frequently 
cited benefits include the possibilities of customer-specific individual 
production, cutting product development times, reducing transport costs and 
inventories, and optimizing product design [1, 2, 3, 4, 5, 6, 7]. Germany is a 
pioneer in AM implementation. More than 37 % of all German enterprises 
already utilize this technology – a global benchmark [7]. According to the 
literature, AM processes offer significant potential, particularly for industries 
strongly represented in Germany such as automobiles, mechanical 
engineering, and plant construction. What do practitioners from German small 
and medium-sized enterprises (SMEs) perceive to be AM’s benefits and 
limitations? Do these coincide with the literature’s propositions or are there 
significant differences? To answer these research questions, the paper will 
begin by outlining the research design. The next section presents the state of 
research on AM’s benefits and limitations. Thereafter, the paper discusses the 
findings of a workshop series with SME practitioners. These are then 
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compared with the most frequent statements in the relevant literature. The 
final section summarizes the findings of the study and draws conclusions for 
future research agendas. 
2 RESEARCH DESIGN  
The World Café is an exploratory qualitative research method [8]. The meth-
od creates a shared understanding through small focus groups discussing 
selected topics in a café-like atmosphere [9, 10]. The workshop-based 
approach is adequate for the application-oriented research in question. In 
contrast to other quality-oriented research methods such as interviews, this 
approach is characterized by high output, which can be achieved in a short 
period time [11]. Iterative processes ensure highly stable and reliable data. 
Moreover, heterogeneous group constellations enable extensive data 
gathering and the mitigation of distortions [12]. Seven central design principles 
underlie the World Café approach [8, 12, 13, 14, as compiled by 21]: 
1. Set the context: target and parameters of the session are to be 
determined upfront.  
2. Create a hospitable space: a welcoming atmosphere helps with obtaining 
high-quality responses.  
3. Explore questions that matter: the questions must be relevant to the 
participants and motivate them to participate actively. 
4. Encourage everyone’s contribution: each participant is valued for his or 
her contribution; criticism of individual contributions is to be avoided. 
5. Connect diverse perspectives: the dynamically changing composition of 
the groups in every World Café table allows the connection of 
perspectives and contexts. 
6. Listen together for patterns and insights: participants pay attention to the 
thoughts of others.  
7. Share collective discoveries: the visual display of results creates 
collective wisdom and starts associative chains of thought. 
 
The authors applied this approach in the course of four workshops in 2017/18 
with 150 practitioners from SMEs across eleven industries (Figure 1). 
Manufacturing and technical SMEs represented the largest share of 
participants, at 26% each. Other practitioners came from industries such as 
services, wholesale, finance, IT, transport, energy, and agriculture. The World 
Café workshops were part of the project PUSH.3D-Druck, funded by the 
German Federal Ministry of Education and Research to investigate innovative 
business models based on AM. All participants were classified according to 
their different levels of experience in using AM in their business. From 
prospective users to experienced practitioners, a cross-section of perceptions 
regarding AM’s benefits and limitations could be collected. 
  
Innovative Management Techniques and Methodologies 
269 
 
Figure 1: Number of practitioners from SMEs per industry, classified 
according to the International Standard Industrial Classification of All 
Economic Activities (ISIC). 
At the different tables in the World Cafés, participants were invited to answer 
certain questions. After they had answered these questions, they would 
randomly change groups before answering further questions, until all the 
participants had passed all the tables. The practitioners were asked to answer 
the following questions: 
 
RQ1: What benefits do you consider in utilizing AM in your business? 
RQ2:  What limitations do you envision in utilizing AM in your business? 
RQ3:  What business models with AM can you imagine in your business? 
 
Apart from the research questions analyzed in this paper (RQ1; RQ2), the 
participants answered and discussed question (RQ3) on potential business 
models utilizing AM. However, the evaluation of the third research question is 
the scope of a further study [16]. 
Figure 2 illustrates a schematic outline of the workshops using the World Café 
method. By changing participants (P to n) and regrouping them, a maximum 
exchange of knowledge takes place according to [9] and [17]. The facilitator 
of the workshops determined the table arrangement for each round in order 
to ensure that every cycle resulted in a new arrangement of participants, thus 
achieving the most heterogeneous outcome possible. Participants (P) change 
tables every round. Moderators (M) do not change their position and remain 
at the table assigned to them. They take notes, lead discussions, and 
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summarize the results each round before the next cycle [18, 19]. For 
documentation, movable walls and moderation cards were used [20]. 
 
 
 
Figure 2: Design and application of the World Café method. 
Each workshop lasted approximately two hours. To kick off the workshop, 
attendees were briefed on the current status of AM by impulse lectures. After 
the lecture, a facilitator introduced the World Café approach and explained its 
objectives, procedure, and rules [9]. Following this, the initial groups split up. 
As each round lasted approximately 20-30 minutes, a work-shop lasting two 
hours, including a final wrap-up and presentation of the findings, was sufficient 
for two to a maximum of three rounds. In the first round, any aspects relevant 
to the participants were documented. As the discussion progressed, the range 
of contributions became increasingly precise. Statements were added and 
new ideas developed. For this reason, timeframes for each round were set as 
follows [21]: round 1 for 30, round 2 for 25, and round 3 for 25 minutes. At the 
end of each round, the facilitators collected the participants’ answers in order 
to categorize them into subject groups. As the facilitators had to engage in 
listen to and record responses at the same time, it was important to verify the 
accuracy and demarcation of responses. Once the final round had been 
completed, facilitators at the World Café tables summarized the findings and 
presented it to the plenary. The results were then documented and evaluated. 
3 BENEFITS AND LIMITATIONS OF AM IN LITERATURE 
The following benefits and limitations of AM are based on a literature review 
(desk research; cf. Table 1 for keywords). Scientific publications and journal 
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articles, as well as information from scientific institutions and companies, were 
examined. 
Table 1: Keyword list for literature review. 
Keyword List 
Context Additive Manufacturing 
`AND` 
Context Benefits and Limitations 
3D Printing 3D-Printing Benefits Limitations 
Additive  
Manufacturing 
Additive- 
Manufacturing 
 Advantages Disadvantages 
3D Druck 3D-Druck  Vorteile Nachteile 
Additive Fertigung Additive 
Fertigung 
 Nutzen Grenzen 
 
 
 
The research was conducted in German and English by using search engines 
for scientific publications. This led to a number of publications which included 
a variety of irrelevant articles. In order to eliminate irrelevant articles, abstracts 
and titles were evaluated for relevance. Primarily, articles discussing the 
general benefits and limitations for AM across industries were investigated in 
the literature review, as the workshops’ participants represented a wide range 
of industries. Potentially relevant articles were subjected to a full-text analysis. 
As a result, only the most relevant articles were selected to identify the 
benefits and constraints of utilizing AM. During full-text research, the 
advantages and disadvantages from each source were noted and then placed 
in topic groups. The relevance of each topic group was determined on the 
basis of the number of citations. Tables 2 and 3 outline the most frequently 
cited benefits and limitations of AM in the literature. 
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Table 2: Literature review: benefits of AM. 
Source 
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Bauer et al. (2016)     X X   X 
Bromberger and Kelly (2017) X  X   X 
Cohen et al. (2014) X X X    
Feldmann and Pumpe (2016) X X X X X X 
Gao et al. (2015) X  X X X  
Holmström et al. (2010) X  X X X X 
Huang et al. (2013) X X    X 
Janssen et al. (2014) X X  X   
Müller and Karevska (2016)  X  X X  
Nymann and Sarlin (2014) X X X  X  
Tuck et al. (2008)  X    X 
Weller et al. (2015) X X  X X  
Zhai et al. (2014) X X X X X X 
       
Total 10 9 8 8 7 7 
Ranking 1 2 3 3 4 4 
 
 
 
The most frequently cited benefit of AM in literature is the freedom of design. 
For example, complex geometries that are difficult or impossible to create with 
conventional processes can be realized by using AM [5, 6, 27]. Literature also 
widely cites the potential for increasing production versatility. This refers to the 
economic production of customized small batches (mass customization, 
which is possible because tooling and set-up costs are eliminated [3, 22, 23]. 
Further aspects include time savings by means such as accelerated product-
development cycles [25, 26] and cutting costs [1, 4, 22]. Literature also 
highlights the advantages of higher resource efficiency [5, 6, 23], that is, 
savings of raw materials during production, and the ability to print objects 
formerly consisting of several parts in one go (functional integration), thereby 
rendering assembly steps obsolete [3, 5]. 
However, the literature also mentions numerous disadvantages to AM, 
especially in comparison to subtractive manufacturing processes such as 
milling or drilling. The drawback most frequently referred to in literature is the 
lack of quality standards, warranty-related restrictions, and the protection of 
intellectual property rights [4, 6, 26]. Other disadvantages regarding material 
heterogeneity and structural reliability of components were also mentioned as 
part of the lack of quality [4]. In addition, the literature highlights the surface 
quality and resolution of AM as further limitations [3, 26]. Post-processing of 
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components is often necessary and time-consuming [27, 28]. Potential further 
barriers to faster adoption of the technology are high costs (investment and 
unit costs), and limitations in size and process speed [3, 4, 6]. The lack of 
know-how amongst shop-floor operators is also cited as a barrier to employing 
AM [3, 26]. 
Table 3: Literature review: limitations of AM. 
Literature 
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Gao et al. (2015) X X X X   
Huang et al. (2013) X  X  X  
Feldmann and Pumpe (2016) X X  X  X 
Janssen et al. (2015) X X X    
Ruffo and Hague (2007) X X  X X  
Weller et al. (2015) X X X X X X 
       
TOTAL 6 5 4 4 3 2 
RANKING 1 2 3 3 4 5 
 
4 FINDINGS OF THE WORLD CAFÉ WORKSHOPS 
To identify the benefits and limitations of AM perceived by practitioners, the 
research questions RQ1 and RQ2 were analyzed. A total of 150 individual 
contributions were raised and grouped according to a total of 12 different 
content and subject groups. Findings from the evaluation of RQ1 are 
presented in Table 4. According to the workshops’ participants, AM’s main 
advantage was the ability to manufacture individual products in single batches 
at costs competitive to those of mass production. Thus, a high level of 
customization for individual customer needs could be achieved. AM’s benefits 
were described in economic terms, such as cost savings in set-up processes 
and tooling, and streamlining design processes. The participants also 
emphasized the freedom of design as a key benefit. By using both 
honeycombs and bionic structures, designs could be realized which otherwise 
could not be achieved with conventional manufacturing methods such as 
milling or drilling. Rapid availability of spare parts in order to guarantee more 
reliable deliveries was also seen as an advantage by participants. Additionally, 
prototypes could be developed, manufactured, and tested in a fraction of the 
time that would normally have been spent. Participants also cited the time 
benefits of AM and the improvements to their re-source efficiency, in particular 
savings on the use of raw materials for production and reduction of 
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consumables in the use phase. Additionally, participants esteemed the ability 
to integrate customers with their companies’ development processes, expand 
their services, become more independent from third parties, and achieve 
environmental benefits (placed under the category “various individual 
mentions”). 
Table 4: The practitioners' view: Benefits of AM in SMEs.  
Benefits Workshop 1 Workshop 2 Workshop 3 Workshop 4 Total 
Production flexibility 15 7 12 2 36 
Cost efficiency 2 11 1 3 17 
Design flexibility 3 5 1 2 11 
Time efficiency 3 4 5 2 14 
Resource efficiency 1 2 1 6 10 
No need for assembly 3 0 0 2 5 
Various individual mentions 2 8 6 3 19 
TOTAL 29 37 26 20 112 
 
 
 
In addition to the above advantages, practitioners also discussed several 
limitations to the utilization of AM in their companies. However, the number of 
potential barriers identified (RQ2, in Table 5) is considerably lower than the 
benefits mentioned above. Essential constraints from the SME’s perspectives 
are concerns regarding quality requirements and missing uniform quality and 
industry standards. With AM, the quality of the manufactured components 
could not always be warranted. Concerns about potential copyright 
infringement and piracy when providing digital data and drawings of their 
products were placed in the “missing quality standards” category. There was 
also substantial concern over the costs incurred, such as acquisition and 
maintenance costs, expenses for employee training, and underutilization of 
machines. 
The practitioners considered the lack of expertise during the implementation 
of AM as a further obstacle to AM’s successful application. “Lack of expertise” 
encompasses the lack of knowledge of design possibilities and insufficient 
technological expertise for operations. Another downside was that printed 
items require post-processing as they have inadequate surface quality. From 
the point of view of some participants, the production speed was not sufficient 
to meet their high-volume requirements. The dimensions of the build chamber, 
which restricted the maximum size of the printed objects, did not appear to be 
an issue for the practitioners except for one. Other limitations mentioned by 
the participants included a lack of internal resources for the implementation of 
AM and problems related to switching AM suppliers.  
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Table 5: The practitioners' view: limitations of AM in SMEs. 
Limitations workshop 1 workshop 2 workshop 3 workshop 4 total  
Missing quality standards  6 2 - 4 12 
Excessive costs 5 4 - 2 11 
Lack of expertise 6 3 - 1 10 
Resolution and surface quality 3 4 - 2 9 
Process Speed 1 1 - 0 2 
Size limitations 1 0 - 0 1 
Various individual mentions 4 3 - 4 11 
TOTAL 26 17 0 13 56 
 
5 DIFFERENCES OF LITERATURE VERSUS PRACTICE 
The benefits and limitations of AM were identified from the literature, based 
on the literature review as summarized in Section 3. Section 4 presented the 
practitioners’ perceptions of AM’s benefits and limitations. This section 
analyzes the differences between the prevailing opinions in the literature and 
the practitioner's views. First of all, all the aspects mentioned in the literature 
are reflected in the data collected from the workshops (Table 6).  
Table 6: Benefits and limitations perceived in literature versus practice. 
Benefits of AM  
(literature review) 
Perceived Benefits 
(by SMEs) 
 
Limitation of AM  
(literature review) 
Perceived Limitations 
(by SMEs) 
Design flexibility X 
 
Lack of expertise X 
Production  
flexibility 
X 
 
Excessive costs X 
Time efficiency X 
 
Size limitations X 
Cost efficiency X 
 
Process speed X 
No need for  
assembly 
X 
 
Resolution and  
surface quality 
X 
Resource  
efficiency 
X 
 
Missing quality 
standards  
X 
 
 
 
However, the literature and practitioners emphasized significantly different 
benefits and limitations. Figure 3 compares the literature’s perspective of AM’s 
with the practitioner’s perspective. The percentage of citations in the literature 
was the basis for contrasting the two perspectives. Design flexibility was the 
most cited advantage in the literature but only the fourth most cited advantage 
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by the practitioners. Production flexibility was cited by most practitioners and 
the second-most cited in the literature, demonstrating that it was a relevant 
advantage both in the literature and for practitioners. Furthermore, the low 
value that practitioners place on AM’s ability to optimize assembly processes 
by manufacturing function-integrated components, that is printing objects in 
one go instead of mounting several parts, is conspicuous. 
 
 
 
Figure 3: Benefits of using AM: comparison of citations in literature versus 
practice. 
Figure 4 contrasts the limitations of AM cited in the literature with the 
practitioners’ perspective. The main disadvantage perceived by both parties 
is missing quality and industry standards. There are significant differences 
between the literature and practitioners’ perceptions with regards to process 
speed and size limitations. From the practitioners’ point of view, these 
limitations are relatively irrelevant, while the literature sees them as significant 
concerns. One possible explanation is that SMEs often do not completely 
replace their conventional manufacturing methods, but rather supplement 
them with AM. While the majority of orders for standard products with large 
quantities are processed with non-additive manufacturing methods, AM is 
mainly utilized for infrequently-demanded product variants, such as those with 
customer-specific features, where limitations in speed and size do not play a 
major role. 
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Figure 4: Limitations of AM: comparison of citations in literature versus 
Practice. 
6 CONCLUSIONS AND FUTURE RESEARCH AGENDA 
This study examined the perceived benefits and limitations of applying AM by 
utilizing the exploratory-qualitative research method of World Café 
workshops. A total of 150 practitioners from German SMEs across industries 
contributed to the data collection. The main benefits of AM from a 
practitioner’s point of view included design and production flexibility, increased 
time and cost efficiency, removal of the need for assembly, and increased 
resource efficiency. However, constraints to the technology were also 
identified, such as missing quality standards; inadequate resolution, surface 
quality, and process speed; size limitations; excessive costs; and a lack of 
expertise in the operators. The findings of the empirical data essentially 
reproduced the advantages and constraints of AM frequently cited in the 
literature. However, the literature and practice significantly differed in the 
emphasis placed on the advantages and constraints. For example, the 
benefits of design flexibility and the possibility of manufacturing function-
integrated components with AM were assessed very differently. The same 
applied to the limitations of AM in SMEs: practitioners consider constraints 
imposed by production speed and size limitations to be less important than 
the state of literature-based research would suggest.  
However, some limitations of the methodology should be mentioned. The 
empirical data are only representative to a limited extent, as not all the 
industries were represented at the workshops and the industries were not rep-
resented according to their share in the economy. Using the number of 
citations in the literature as a basis for evaluation, while assigning all the 
sources the same weight, is a method that is subject to limitations. The 
frequency of citations alone does not allow conclusions to be drawn about the 
quality of the research methodology applied per source and the validity of the 
findings of the individual studies.  
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In terms of recommendations for a future research agenda, workshops with 
practitioners focusing on a specific AM technology, raw material type, and 
industry are desirable, using the presented research method for systematic 
analysis. Furthermore, additional workshops can be conducted to validate and 
replicate findings; gaps in the methods and concepts applied can be identified, 
and new methods and concepts can be added. For example, the validity of 
the results can be increased by asking the participants them-selves to rank 
the identified benefits and limitations at the end of the workshop. In particular, 
the analysis of the gap between AM’s technological capabilities as postulated 
in the literature and its applications as perceived by practitioners is promising. 
What are the reasons for the different valuation of its advantages and 
disadvantages? And how can this gap be closed in order to further promote 
the diffusion of AM in practice, especially in SMEs? Based on these findings, 
directions for further development of SME-specific AM machines can be 
derived. 
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Abstract 
Reading about small and medium-sized manufacturing companies in 
newspapers and magazines, one might get the impression that integrating and 
exploiting new digital technologies is one of the most urgent challenges for 
managers today. Although many different industry 4.0 and Internet of Things 
(IoT) tests have been published, a framework to structure the content and the 
process of digital transformation is missing. Therefore, comprehensive 
research of available literature has been implemented; the results show that 
the framework from Appelfeller and Feldmann is the most suitable for 
application in companies. Due to the fact that the authors present no acquired 
experience in the application of the framework in practice, an evaluation study 
was set up in companies. The results of a case study are presented and an 
overview is given how to implement this specific check in a company. 
Keywords: 
Digital transformation, Maturity model, Check 
1 INTRODUCTION 
Since the German government launched the “Industry 4.0” project in 2013, 
many companies have initiated digitization projects, above all to improve 
competitiveness and customer satisfaction. Medium-sized enterprises are 
faced with particular challenges in this context because they generally operate 
with limited resources. Therefore, activities related to the launch of digital 
transformation must be accurate, realizable and productive [1]. 
The experience from digital transformation projects of the authors has shown 
that at the beginning it is essential to perform a strategic review. In the last 
few years, a large number of ways have been developed, from simple online 
checks right up to wide-ranging analytical procedures. These checks or 
methods are also known as maturity models [2]. 
Based on such a strategic review, targeted innovation can be initiated, in order 
to approach the digital transformation strategic plan carefully, step by step. 
The target vision can take the form of an image of the future, as shown in a 
transformation project at Phoenix Contact GmbH & Co. KG (Fig. 1), for 
example. Such an image of a company describes essential situations of the 
sustainable value creation subject to the results of the digital transformation. 
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This relates to both the work organization as well as the technical equipment. 
In this context, it is ideal if key aspects of the maturity model correspond to 
the image of the future to synchronize both of them [3]. 
 
 
 
Figure 1: Detail of a Phoenix Contact Smart Factory image of the future [3]. 
2 COMPARISON OF CHECKS FOR DIGITAL TRANSFORMATION 
The digital transformation maturity models developed in the past few years 
serve, primarily, to: 
 asses the current situation with regards to digital change in a 
company comprehensibly for all concerned, 
 enable competitive benchmarking, 
 define a strategic plan, 
 demonstrate potential, 
 produce a roadmap and  
 target investment in order to use the potential shown. 
 
Current maturity models usually contain, on the one hand at least three to six 
successive and interrelated maturity levels, which are differentiated from each 
other by unique requirements. On the other hand, the examined factors are 
described using various maturity dimensions [2]. 
Kese and Terstegen consider 14 checks relevant for digital transformation and 
distinguish between suppliers, industry (sector), survey method, time is taken, 
subject area and modeling approach [2]. The authors applied several checks 
presented in Kese and Terstegen [2]. As a result, the assessment of the 
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authors with regards to the quality of the checks is verified [4]. Seven of the 
checks are able to be performed online, using self-assessment. These checks 
take between 10 and 20 minutes, ask about specific, primarily technical areas 
and consequently produce rather generic and therefore not company-specific 
results. Therefore, the measurement of the maturity level of a digital 
transformation is rarely possible, the results of the checks only serve as 
guidelines, furthermore, concrete digital transformation measures cannot be 
derived from them [5]. Table 1 shows a rough evaluation of three selected 
online self-assessments. 
Table 1: Rough evaluation of three selected self-assessment maturity 
models (also compare [2] and [5]). 
 
 
 
 
Implementation of the seven further checks examined usually requires the 
help of external people, for instance consulting specialists. They are 
significantly more time-intensive as workshops are part of maturity 
assessment. However, they deliver detailed, company-specific analysis 
results. In most cases, appropriate checks follow a phase model: 1. Measuring 
the maturity level of the current situation, 2. Definition of the aimed-at target 
state, using gap analysis, 3. Developing a roadmap, to identify and implement 
concrete measures to address the gaps identified. Some of the checks 
consider the company’s key processes, for example, product development or 
distribution processes. Table 2 shows the evaluation of three chosen, detailed 
maturity models. 
In summary, it can be shown that current checks, or methods, are rarely 
oriented towards the concrete value chain processes of companies to be 
investigated. This is, however, very important for the user because, besides 
establishing new business models (providing more value for customers), 
particularly through the forthcoming digital transformation, measurement and 
sustainable optimization of internal processes must be achieved (value 
creation). Moreover, the underlying models must be simple and 
comprehensible, which was rarely the case in the checks assessed. Based on 
the analysis of current checks/methods and the shortfalls detected, a new 
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digital transformation check has been compiled, applied multiple times and 
evaluated, which is presented below. 
Table 2: Evaluation of three selected, detailed maturity models 
(also compare [2] and [5]). 
 
 
3 DIGITAL TRANSFORMATION – A REFERENCE MODEL 
The central questions to answer are who, or what is affected by digital 
transformation and which changes will emerge and therefore what kind of 
states will occur. The authors of the article believe that not everything that 
technically may be digitalized and networkable should be digitalized. Rather, 
it is more about identifying and critically appraising the real benefits behind 
digital transformation. Therefore, designing digital transformation means that 
all stakeholders must be involved to implement a suitable solution. In order to 
keep such a dynamic process (and that is precisely what digital transformation 
is) manageable and controllable, it requires an organization of the main factors 
that determine the cause and effect relationships of the relevant processes. 
To accomplish this, Appelfeller and Feldmann have developed a reference 
model for digital businesses (Fig. 2) to create a common understanding 
between stakeholders [6]. For the elements of the model (shown in bold font), 
they present for each element four maturity levels for assessment purposes. 
These levels are individual for an element and allow a quantitative 
assessment of the current status of a company with regard to digital 
transformation. The maturity model includes all elements of the reference 
model and serves as a checklist for evaluating the current situation. 
Based upon the practical application of Appelfeller and Feldmann’s reference 
model in three companies, an adaption and further development were carried 
out. The following explains the three elements of the reference model in detail 
which are critical factors for digital transformation. For a further description of 
these elements, please refer to the literature [6]. 
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Figure 2: Reference model for digital businesses [6]. 
Digital Transformation can cause disruptive business model innovation and 
entail changes in the value-added processes. Thereby, technical innovations 
are the driving forces because customer problems can be solved in a more 
efficient way or the requirements or the benefits of the clients are changed. 
But, what makes a digital business model successful? To be precise, this 
encompasses the reciprocal interaction of digital information and products or 
services between two systems (e. g. companies). Whereby at least one 
system registers and performs business analysis [7]. Therefore, an 
established business model is affected by digital transformation, if 
technological innovations have a fundamental impact on business processes 
as well as upon the generated revenue [8]. The reference model of Appelfeller 
and Feldmann measures the element business model with five factors (Fig. 
2). 
The actual application of a business model is carried out by the development, 
implementation, and establishment of business processes in a company or a 
corporate network. The authors think that the most important question is not 
if and how a process can be digitized. Instead, it is more about giving a precise 
answer to how digitization can generate efficient processes and therefore 
future economic benefits. However, such an answer cannot be delivered by 
the maturity model because the four factors for the element adding value 
solely encompass the current process characteristics (Fig 2). The authors' 
experience has shown that it is easier for people describing and evaluating 
the level of digitization if a previously defined production or service process is 
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provided as a framework. If such a process exists, then the necessary 
knowledge transfer between actual conditions in the company and the 
maturity model levels is reduced. In applying the checks, we, therefore, give 
examples for each of the levels to develop a common mental model. 
When modeling business-specific processes, the authors gained very positive 
experience with the expanded event-driven process chain (EPC) modeling 
notation, because activities, actors and the states of a production system can 
be described. In this way, the following factors are considered and evaluated 
according to the four levels of the maturity model (Fig. 2): 
 Prospect | Process: In consideration of appropriate technical possibilities 
the effectivity and efficiency of processing the activities as well the 
temporal sequences between activities have to be evaluated. 
 Prospect | Data: The structure, the content and the quality of data as an 
input and output of individual activities have to be described and 
analyzed. 
 Prospect | IT: The current IT systems and functions used have to be 
described and evaluated. It further covers the issues support and benefits 
deriving from the applications. 
 Prospect | Implementing entity: The actors and the equipment for the 
input conversion to the desired output have to be described and 
analyzed. 
 
In simple terms, a managed digital transformation of a company results in 
uncertain states due to known or unintended changes. These changes usually 
occur not at the company’s date of founding. This means that a company has 
always a history with previous experience of change. Figure 3 illustrates the 
different attitudes of the humans involved in a launched digital transformation 
process of a company. These individual attitudes, together with the design of 
a change process form the central success factor for the company’s intended 
benefits of the digital transformation. To emphasize this aspect, Appelfeller 
and Feldmann’s reference model has been supplemented by an element for 
change management and the corresponding factors (Fig. 2). 
4 USE CASE  
To assess the practical application of the maturity model, the order processing 
process of a manufacturer for electronic connection components was 
analyzed. The company size, as well as the complexity of the work 
organization and processes, are comparable to the use case of Dobrzanski 
and Jungkind [3]. The underlying process was modeled in detail with the 
graphical process modeling tool “Business Process Model and Notation” 
(BPMN) instead of eEPK. Based on these data, a five-hour expert audit was 
conducted. The audit was designed to classify the process with regard to the 
elements from Figure 2. This was mainly achieved by using the factors of the 
elements of the reference model described by Appelfeller and Feldmann [6]. 
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During the audit, the participants have defined the standards and 
characteristics for each of the four maturity levels of all factors of an element. 
It means that involved experts defined the company-specific benchmark for 
each factor of an element as well as the differences between the four levels 
of a factor. Initially, it is a qualitative evaluation, whereby the consistency 
between the standards and characteristics of the specific maturity levels of an 
element and the current situation of the company is evaluated. Based on this 
check the element is classified. Due to the evaluation of all factors of an 
element one of the rating points for the twelve elements is defined (Fig. 4). 
The transfer from a qualitative evaluation to one of the a priori defined maturity 
levels of a factor generates quantitative scoring values which are coded 
ordinally. Subsequently, to improve visualization, a radar chart was rendered 
(Fig. 4). Such chart results from entering the maturity value on the 
corresponding axis of a factor and the subsequent connection of these points 
with straight lines. The larger the area springing from the center of the chart, 
the higher is the reached digital transformation maturity level. The result of the 
audits subject to the criteria Business model, Value-added and Change 
management is illustrated in Figure 4: 
 
 
 
Figure 3: Relevant roles for a digital transformation. 
 The business model for the examined products may change considerably 
due to the digital transformation. Instead of standardized mass-produced 
products, individual (customer-specific) small batch sizes of a product 
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required by the customer and have to be produced in very short time-
periods. Therefore, the current relevance of digitization has been highly 
rated by participants in the workshop. Furthermore, the objectives of a 
digital transformation were defined at the time of the audit (level 3 
respectively). In order to achieve mass individualization of products, an 
online product configurator is required. By means of such a configurator, 
a customer would be able to define and develop an individual product. 
Based on this product definition an automatic order fulfillment process is 
initiated. This requires the transformation from a mass producer 
(production to stock) to a custom-made manufacturer. This is, at present 
not realized, so that “level 2” was assigned for analogous and digital 
communication by the experts. 
 The order fulfillment process analyzed – from the creation of a production 
order to the booking of the produced products in the warehouse 
management system – showed a high degree of digitization. For 
instance, the activities to be processed are supported by functions of 
adapted IT systems (ERP, MES, etc.) (each at level 2.5). Whereas the 
assembly of the products is fully automated, the scheduling of production, 
the provision of material as well as the packaging of products requires 
manual activities. Thus, no self-optimizing and autonomous production 
management for individual customer orders exists.  
 
 
 
Figure 4: Current status of the digital transformation process. 
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 The analysis of the discussion revealed that positive and negative 
experience with change projects had already been made (level 2.5). Due 
to a previous six-month project the “vision of the future” as the desired 
target state already existed in the investigated department of the 
company and the responsibilities for the transformation process were 
clearly defined (level 3.5 - 4) [3]. Thus the roadmap and the 
corresponding communication concepts for digital transformation, which 
would usually only be developed after the audit, were already available. 
Therefore, the company made considerable progress towards a digital 
vision of the production than other companies.   
5 CONCLUSION 
The extended reference model helps to structure and handle the elusive issue 
of the digital transformation of a company. Using the maturity models of the 
superordinate reference model, the user is able to evaluate the technical and 
digital possibilities for the investigated process. Such a valuation result shall 
be understood as the starting point for the development of a target vision as 
well as the derivation of measures. It should be noted that digitization a 
company should not be the aim in and of itself for the management because 
of the current management fashion. Therefore, the aim is rather to develop a 
target vision which is based upon a company-specific or process-specific 
evaluation. Such a vision describes in detail how digitalization can be used to 
make a direct contribution to the value chain. Consequently, the reference 
model from Figure 2 can help stakeholders of the digital transformation to 
keep discussions target-oriented and organized. We believe that digital 
transformation should always be discussed using company-specific 
applications in connection with the expected benefits. The goal must be to 
justify every measure at the economic level. 
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Abstract 
The speed of transformation of today's industrial world increasingly requires 
the development of simple and flexible tools capable of effectively supporting 
the decision-making process. In fact, corporate leaders interface daily with the 
need to quickly choose optimal configurations for their processes. In this 
sense, it is necessary to create a tool capable of supporting the "what if" 
analysis on the configuration of a production system and allowing to 
quantitatively estimate the effects of the variations on the most significant 
parameters. This paper proposes a set of criteria for expanding the Value 
Stream Map – a well-known tool in the Lean context – and defining the data 
categories required in input and output for sub-process modeling, in order to 
increase the level of detail and make it an interesting candidate to support the 
development phases of a simulation project. The proposal was validated on a 
production process of large manufacturing multinational company. 
Keywords: 
Value Stream Map, Process simulation, Lean production 
1 INTRODUCTION 
The industrial world changes at a pace never experienced before thanks to 
the assertion of new and interesting technologies. The rapidity of the changes 
and the breadth of the industrial aspects involved make it difficult for business 
leaders to quickly choose among different potential scenario evolutions. 
Simulation software allows representing the impact of today's choices on 
future developments with enough confidence. However, despite the 
evolutions in the software field, the use of these tools and their set-up is often 
very complex. Among the various obstacles to their applicability in industrial 
contexts are, undoubtedly, the relevant costs in terms of time required to 
design, calibrate and validate the process model besides the need for 
advanced technical modeling skills. Moreover, another challenge lies in the 
need to start the simulation project from a faithful and detailed representation 
of the system, to ensure visibility on all sub-process variations. It is in this area 
of great industrial interest that is interesting to propose an innovative tool 
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capable of supporting a "what if" analysis on the configuration of a production 
system and allowing to quantitatively estimate the effects of the variations on 
the most significant parameters. This paper aims at moving a first step in 
investigating the possibility to advantageously integrate Value Stream Map 
(VSM) and simulation approaches into the analysis of goods and services 
production systems. In particular, if it is possible to transform VSM into a 
suitable methodology to formalize the inputs of the models feeding production 
system dynamic simulations. Furthermore, it is interesting to explore the 
possibility of developing an extension of the VSM to guarantee the most 
complete adherence to the analyzed process. Being one of the tools of the 
Lean philosophy, VSM aims at reducing waste as much as possible and this 
is pursued identifying the no value-added time phases; however, VSM is 
generally sketched at a very high level and only the main product 
transformations are captured. With the aim of using VSM as a support in the 
modeling definition phase of a production system simulation, a specific 
approach is here proposed. The proposal is described into two main sections: 
In the first section a basic criterion through which is possible to increase the 
detail level in the VSM are identified, to help in identifying the main blocks of 
the process simulation model; in the second section further criteria for defining 
the data categories required in input and output for sub-process modeling 
through an extended VSM (X-VSM) approach are outlined. 
2 BACKGROUND 
2.1 Value Stream Map origins 
After Second World War, Toyota Motor Company hosted the birth of "Lean 
Manufacturing" production systems management philosophy [1] and the 
Value Stream Map (VSM) approach is certainly among the most well-known 
within it [2]. VSM is a pen and pencil tool used to represent the main process 
flow along with all the related activities needed to transform raw materials into 
final products; this, to identify all types of wastes along the so-called “value 
chain” and eliminate them [3]. The first step to use the VSM is to identify a 
cluster of items to be analyzed; typically, a family of products. Secondly, it is 
necessary to represent the current state of the process. Finally, it is necessary 
to map the desired state or a picture of how the process should be, following 
the elimination of inefficiencies [1]. The VSM provides valid support for the 
optimization decisions of the value chain granting a common basis for the 
production process description [4], which helps in process model designing 
and, in turn, potentially feeds software simulation building [5]. 
2.2 VSM in support of simulation 
Simulation is one of the most effective tools among those conceived to support 
decision-making in process analysis. Specifically, in a discrete manufacturing 
environment, simulation of discrete-time events is defined as: “a computerized 
system capable of creating deterministic and stochastic simulations in real or 
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near real-time, in order to monitor, control and schedule parts and resources” 
[6]. This type of simulation allows dynamic analysis of production systems to 
identify possible improvements on the “as is” state of the process and the 
possibility of introducing new technologies [7] in future scenarios, often 
referred as “to be” states. 
Despite its use at company level remains limited [8], several researchers 
focused their attention on simulation: however, the possibility of using the 
Value Stream Map as a complementary tool to different phases of the 
simulation process seems to have been rarely investigated. Lugaresi and 
Matta [9] systematized the main contributions proposed in the literature to 
streamline the simulation process design also identifying the main related 
problems, among which the main one is related to representation and data 
collection activities, which are presented as the more time-consuming phases 
in the initial steps of the project. Literature presents some ideas for optimizing 
the data collection phase: for example Robertson and Perera [10] hypothesize 
to anticipate it through an intermediate database - between the company 
information system (ERP) and the setting of the input data – aiming at saving 
time in process modeling; Tavakoli [11] proposes the bases for a flexible data 
management system applicable to a wide variety of manufacturing contexts. 
Only Barring [12] in 2017 hypothesized the possible use of the Value Stream 
Map as a support tool for data collection for a simulation system. Starting from 
this contribution, this paper aims to build an approach that responds to the 
industrial need of creating a simulation model based on realistic, accurate and 
reliable scenarios, using VSM representation.   
3 A CRITERION FOR EXPANDING THE VALUE STREAM MAP 
In this first section, a simple and flexible solution to the problems typically 
encountered during the definition phase for building a simulation model is 
proposed. Process blocks definition is usually performed by those who know 
the simulation software, who may not have deep knowledge of the process. 
In these cases, the designed model may diverge from reality. This undesired 
situation emerges during the validation phase, invoking time-consuming 
rework tasks. 
On the contrary, starting from the VSM on the process may be very 
convenient: indeed, beyond being an easily readable diagram, the VSM is 
already – or can easily be – shared and validated at managerial level. 
In this sense, the proposed approach is “top-down”. That is, the main 
processes, representing the core of the simulation model, are discussed and 
validated by the top management and then transmitted to the person who 
builds the simulation blocks. In this way the simulation process is validated 
upstream, requiring less time. 
However, one of the main problems found in considering VSM as a valid 
representation of the production process to is the level of detail: being a 
strategic tool focusing on the value chain, VSM traditionally provides few 
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details and put emphasis on the main activities. Thus, criteria for expanding 
the VSM and increasing the level of detail must be found. In particular, here a 
basic criterion is proposed that originates from focusing on the concept of 
transformation of the items through the process.  
An item transformation can be of different types and three types have been 
here considered: 
1. State transformation 
2. Position transformation 
3. Physical transformation 
3.1 State transformation criterion 
The first transformation refers to a change in the state of an item and it is 
defined as the process, the activity, the operation or, more generally, the 
action that generates a variation of an attribute of an item, being unchanged 
its physical state and position. Attributes may be of various types, such as 
qualitative (e.g. “approved” or “not approved”), informative (“assigned to A 
area" or “assigned to B area"), etc. 
3.2 Position transformation criterion 
The second transformation refers to a change in the position or location of an 
item and it is defined as the process, the activity, the operation or, more 
generally, the action that generates a change in the spatial position of the item 
within the reference area. For example, moving the item from the warehouse 
to the production line. 
3.3 Physical transformation criterion 
The third transformation is defined as the process, the activity, the operation 
or, more generally, the action that generated a physical change of the 
component, for example, a change in its shape, temperature, nature, or a 
change in its loading unit volume, etc.  
Wherever one of these transformations is implicitly assumed, this must be 
clearly represented on the VSM as a specific activity.  
EXAMPLE 
The decision-making process for choosing whether to extend the classical 
VSM involves the analysis of every single arrow of the representation If a 
single arrow is representative of multiple transformations, and more if the 
transformation is relevant and is part of the standard process, then it must be 
mapped. In the following example it is possible to see the passage between a 
classic VSM to an extended one (X-VSM), in which two transformations, that 
occur between the truck and the warehouse, are represented: the first is a 
position transformation, i.e. the item is unloaded from the truck, the second a 
state transformation, i.e. the item from "not-labeled" passes to "labeled". 
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Figure 1: VSM vs X-VSM. 
4 A PROPOSAL OF CATEGORIES OF INPUT AND OUTPUT DATA FOR 
MANUFACTURING PROCESSES 
In order to make the VSM a valid tool to support process simulation, it is also 
necessary to define data categories to be included for the description of each 
activity. Indeed, when designing the process model, several data must be 
inputted into the simulation software and shall be collected in advance. Here, 
the data categories are divided into two main groups: input data or output data. 
4.1 Input data 
Input data includes all those information or attributes or variables which are 
necessary to define the operation rules for the activity execution and may 
influence the activity execution performance. In other words, those information 
or attributes or variables which do not affect the activity execution 
performance are excluded from the input data set and may not be specified in 
the extended VSM. 
Input data can be classified into four categories: 
1. Input data related to resources: i.e. any data related to those media 
needed for the execution of the activity (e.g. resource capacity); 
resources can be divided into: 
a. human resources 
b. technical resource (machines, tools, etc.) 
2. Input data related to conditions: i.e. any data related to those factors or 
circumstances directly or indirectly affecting resources performance. 
These factors or circumstances are mainly of two different natures: 
a. environment (e.g. humidity condition causing inefficiency in human 
workers or equipment performance derating); 
b. item (e.g. quality condition of a specific material causing slow-
downs of a manufacturing phase) 
3. Input data related to planning: i.e. any organizational factor related to 
planning and/or scheduling of the execution of the activities (e.g. 
resource capacity allocation over time, master planning, etc.);  
4. Input data related to the output of other activities.  
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4.2 Output data 
Output data includes all those quantitative aspects related to the performance 
of each activity. Output data can be classified into four categories: 
1. Time data: all the key performance indicators (KPIs) measuring the 
performance of the activity in terms of time consumed for its execution 
(lead time, waiting time, etc.) 
2. Quality data: all the KPIs measuring the performance of the activity in 
terms of quality aspects (scrap ratio, first pass yield, etc.) 
3. Safety data: all the KPIs measuring the performance of the activity in 
terms of safety (number of accidents, etc.) 
4. Cost data: all the KPIs measuring the performance of the activity in terms 
of costs of the activity execution. This data category includes figures 
which typically transform into monetary terms the data in all of the 
previous categories. 
 
Each input or output data in the analyzed categories shall be defined at least 
along with its quantitative aspect; in some case, a single number may be 
sufficient however defining a couple of values (average and standard 
deviation; min-max range value; target value and confidence interval, etc.) is 
advisable. 
EXAMPLE 
In this section, an example of data construction for a position transformation 
activity is proposed, in this case, the unloading of the item from the truck to 
the plant. In particular, eight types of data were identified to be included in the 
table belonging to the categories explained above. 
 
 
 
Figure 2: Data example. 
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5 ADVANTAGES 
The original VSM does not have the characteristics of representativeness and 
functionality to support the construction phase of a simulation model. In 
particular, it does not have a sufficient level of detail to be a good starting point 
for a simulation model and the type of data presented in the VSM blocks have 
only the purpose of highlighting the no-value added activities, not to describe 
each of the single variables of the process. However, as much used at the 
company level, as well as being simple to use, the proposed improvements of 
the VSM aim to make it a valid input element for the simulation model.  
In particular, five fundamental criteria are proposed for evaluating the 
sustainability of a simulation model: 
1. Representativeness, that is to represent faithfully the process; 
2. Simplicity of construction, little effort in terms of FTE, skills, and 
calculation capacity; 
3. Easy maintenance, little effort to keep it updated; 
4. Intelligibility of the data obtained, that is the possibility of using the data 
in a profitable way; 
5. Simplicity of data collection, in terms of effort; 
 
These criteria must be used as quantitative data to evaluate the improvement 
of the X-VSM model from the VSM model as a valid input tool for simulation 
models. 
6 AN APPLICATION TO A SYSTEM DYNAMICS SIMULATION DESIGN 
In this section, an example of process model design in simulation software is 
presented. The aim is showing that all the required data to complete the 
process model design are included in the previously described categories and 
no other data is needed. As a consequence, the presented VSM extension 
criteria ensure an effective guideline to build a process model for simulation. 
Figure 1 shows the process model diagram for a simple manufacturing step 
in Powersim Studio simulation software. Powersim Studio is a widespread 
simulation software supporting system dynamics models; its “stocks and flow” 
modeling approach is particularly similar to the VSM representation criteria, 
which put emphasis on processing, transport and storage operations, and for 
this reason, it has been selected for the specific case. 
The modeled activity is the storage of liquid components in a tank between 
mixing and filling phases. This case – as well as the entire proposal – was 
inspired by the analysis of the manufacturing steps in a large multination 
company operating in the large consumer goods/cosmetics production. 
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Figure 3: Simulation of tank dynamic. 
Being a storage operation, the tank resource shall be always represented in 
any value stream map. To build this simple simulation model, primarily the 
concept of "level" (tank level) has to be defined, along with its eventual time-
zero condition. Secondly, the input and output flows that determinate the 
variation of the level need to be defined. The inflow is tied to the filling rate of 
the hydraulic pump of the mixing phase; this is a function of three main 
variables: 
1. flow rate 
2. operating time 
3. cycle time 
 
A case is analyzed where flow rate and operating time are defined for the 
filling pump, but cycle time depends on the execution of the mixing phase and 
it is assumed to be variable.  
Table 1 shows that these data correctly fit into the categories defined in the 
previous paragraph. Being the need of defining quantitative values for these 
variables, for the sake of example, the flow rate and operating time values 
may be set as constant, while the cycle time (the time between the start of two 
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subsequent tank filling phases) may be set with an average value and its 
variability. 
Table 1: Data comparison. 
Data Type of data Category Quantitative aspect 
Flow  
rate 
Input 
Technical 
resource 
1000 liters/h 
Operating  
time 
Input Planning 90 min 
Cycle  
time 
Input 
Output  
of other  
activity 
100 min  40 min 
 
7 CONCLUSIONS  
Process simulation is a widespread approach for analyzing the behavior if 
manufacturing systems. However, difficulties always arise in building the 
process model into the simulation software design environment. This often 
complex and time-consuming phase can be streamlined through the 
exploitation of effective process diagrams, eventually already shared and 
validated at the managerial level. Value Stream Maps – the well known Lean 
production added-value analysis tool – are often used in manufacturing 
companies and can be used to feed the simulation process design, provided 
these are enriched with more details. This article proposes simple and easily 
applicable criteria for extending the level of detail of the traditional VSM in 
order to make it a valid support for the design of a simulation model. On top 
of this, four main categories respectively of input and output data have been 
defined. 
This proposal shall be considered as early-stage research contribute to 
discuss the questions raised by Barring in 2017 on the possible use of VSM 
as support for simulation process modeling. Future research will focus on the 
analysis of more complex industrial cases to extend the validation phase, also 
considering discrete, continuous and batch manufacturing processes. 
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Abstract 
The demand for cost-effective, reliable and safe machinery operation requires 
accurate fault detection and classification to achieve an efficient maintenance 
strategy and increase performance. In this scenario, fault prediction plays a 
key role to extend the lifetime of components and to reduce unplanned 
equipment thus preventing costly breakdowns and plant shutdowns. This 
paper presents the preliminary development of an algorithm for failure 
prediction of a centrifugal pump which operates in the production line at the 
SARLUX refinery (Sarroch, Italy). This component is an industrial machine of 
critical importance. Its correct functioning affects the efficiency of a production 
line and possible failures would penalize the company's profitability. The study 
uses Machine Learning (ML) and Data Science techniques applied to data 
collected from the measurement sensor databases of the pump. A binary 
classification technique based on Artificial Neural Networks (ANN) is used to 
predict pump failures a week in advance, an interval of time considered 
optimal to allow the company an adequate maintenance intervention. The 
predictive model is built by using KNIME. The results show that the model 
works correctly and predicts some of the pump’s failures resulting in a 
significant maintenance decision support system for operatives. 
Keywords: 
Predictive maintenance, Machine learning, Artificial neural networks, Oil&Gas 
industry, Fault diagnosis 
1 INTRODUCTION 
In the middle of the fourth industrial revolution, industries are constantly 
looking for ways to optimize production lines and, at the same time, to reduce 
their costs. Maintenance expenses typically amount to more than one-third of 
total operating costs. Technological developments in recent years have led to 
a reduction in expenses related to monitoring the health of machinery and to 
the acquisition and storage of huge amounts of data. Traditional preventive 
maintenance techniques are performed at regular time intervals, therefore 
they intervene on machinery or components when they still have an unknown 
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remaining useful life. Other consequences of preventive approach are 
unplanned downtime of machinery, increased costs related to maintenance 
staff, repair or replacement of equipment. Enhanced by these factors, 
Predictive Maintenance (PdM) has become one of the hottest topics of the 
Industry 4.0 era. Failures prediction plays a key role to improve industrial 
companies’ profitability by extending component lifetime and by reducing 
unplanned equipment breakdowns and plant shutdowns. 
Recently, advances in computational performance have allowed the 
application of machine learning (ML) algorithms able to find correlations and 
identify pattern over extremely complex and large amounts of data [1, 2]. To 
date, a significant number of research and studies have been conducted on 
predictive maintenance using ML algorithms in industrial applications. In 
particular, Galar D. et al. [3] presented a detailed review on the recent 
developments in data analysis strategies and machine learning algorithms for 
data-driven prognosis within the Industry 4.0 paradigm according to a specific 
classification in descriptive, predictive and prescriptive models. They reported 
more than twenty works on predictive prognostic. Costello et al. [4] present a 
data-driven model for health monitoring of a gas circulator units using real 
vibration data. 
A literature review on machine learning modeling for industrial applications 
has shown how it is difficult to benefit from studies of this type, carried out on 
real raw data from operating machinery [5]. Indeed, due to the lack of 
willingness on the side of companies to make public the ownership of the data, 
in particular for petrochemical application, most studies rely on data retrieved 
from simulations or experimental tests carried out in a laboratory, with ideal 
setups been used [1, 6-8]. Concerning rotating machines, Qian et al. [9, 10] 
proposed a transfer learning method for fault diagnosis of these components 
under variable working conditions. Su et al. [11], Weiwei et al. [12], Zhang et 
al. [13], Lei et al. [14] presented different approaches to develop machine 
learning algorithms to roller bearing fault diagnosis. The foregoing discussion 
suggests that although several studies have been reported on different 
algorithms performed in ideal setups, the literature on ML modeling using real 
raw data is relatively limited. To this end, this study aims to develop a fault 
prediction technique based on ML supervised method using data from real 
working operating condition. Indeed, these data come from a real operating 
centrifugal pump inserted inside the production line of SARLUX refinery 
(Sarroch, Italy). 
2 METHODOLOGY APPLIED TO THE CASE STUDY 
Machine learning is a subfield of computer science which can be defined as 
the process of solving a practical problem by gathering a dataset and 
algorithmically building a statistical model based on that dataset to extract 
information about it [15]. Learning can be supervised, semi-supervised, 
unsupervised, and by reinforcement. In this paper, a supervised learning 
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technique has been used, since every sample of the dataset has been labeled 
to train a model that takes feature vectors as input and outputs information 
that allows deducing the label of new collected data. 
The Predictive Maintenance (PdM) oriented pipeline built for this study relies 
on machine learning techniques applied to data analysis collected upon 
operations of a centrifugal pump. The pipeline has been structured as Figure 
1 shows. Collected data have been labeled and cleaned. Feature engineering 
has been performed to extract new features and the relevant ones have been 
selected to train the model. Then the model has been validated by maximizing 
the more appropriate evaluation metrics. 
 
 
 
Figure 1: Generic schematic diagram of the proposed method for machinery 
fault diagnosis. 
2.1 Dataset 
Centrifugal pump operations related sensor readings have been collected 
between January 2010 and March 2019. Data is in time-series format. The 
dataset includes a timestamp, a set of sensor readings collected at the same 
time as timestamps, and device identifiers. 
Measurements from eight different sensors have been included in the analysis 
and used to build the features, i.e. the predictive attributes the model is built 
on: one of flow rate, two of bearing vibration, two of axial displacement, and 
three of motor coil temperature. 
Sampling has been executed with a frequency of one sample per hour, in 
order to deal with a reasonable amount of data. 
By referring to the machine’s historical events register, it has been possible to 
identify eight major failure events occurred during the period, four of which 
were related to seal-leakages and four to ambiguously registered failure 
events. Thus, in this study only four seal leakage failure events have been 
included in the dataset. 
2.2 Machine learning model 
Knime platform is used to design the workflow of centrifugal pump fault 
diagnosis, as reported in Figure 2. This is an open-source software that allows 
to structure complex predictive processes with ease and to present the work 
creating visual workflows with an intuitive graphical interface. In accordance 
with the logic of this workflow, the data analysis and processing will be briefly 
described in the following. 
A supervised predictive maintenance-oriented problem can mainly be 
addressed with two approaches: 
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 A classification approach aims at predicting whether the centrifugal pump 
will fail or not within a future time interval, which in this paper is called 
failure prediction horizon T, whose length is determined by various 
factors, such as management needs and possibilities, domain expert 
decisions, etc. The parameter T is defined as the minimum lead time 
required to replace components before a problem occurs and its value is 
defined in such a way that it would be possible to apply proactively 
maintenance to avoid the problem. 
 A regression approach aims at predicting how much time is left before 
the next failure event (RUL, Remaining Useful Life prediction) [16]. 
 
This study applies a classification technique. The parameter T has been set 
to be a one week time interval. The prediction time interval was established in 
accordance with the requirements relating to the planning of maintenance 
actions and to the hypothesis that, in this period, a deviation from the normal 
operating conditions of the pump could be detected. Two classes have been 
identified to define a categorical variable named “Current pump operating 
status”: a positive instance class “1” referring to the samples included inside 
the failure prediction horizon and a negative instance class “0” referring to 
normal operating conditions. Therefore, 168 timestamps before each failure 
event have been labeled as “1”, the remaining as “0”. It’s important to notice 
that the definition of the parameter T implies the conservative hypothesis that 
in that period, a change from normal operating conditions of the pump 
happens. According to this consideration, data immediately prior to T could be 
seen as noise, since it would be difficult to be considered belonging to one of 
the classes, and will be removed from the analysis further on. 
Missing values treatment 
For each feature, it has been necessary to fill the gaps between data samples 
due to missing values, a common issue related with on-field operating 
machinery measurements, since many ML algorithms are not efficient in 
dealing with datasets contaminated by missing values. This has been done by 
means of the “Missing Values” node in KNIME (Fig. 2), using the linear 
interpolation technique, which replaces each missing value with new ones 
obtained by linear interpolation between the previous and next non-missing 
value encountered for each feature column. 
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Figure 2: Knime workflow built for fault diagnosis of a centrifugal pump. 
Feature Engineering 
One of the most important aspects of a time series type dataset is the 
correlation existing between a data sample and the samples preceding it in 
chronological order. It is appropriate to perform a feature engineering in order 
to introduce this prior knowledge in the ML algorithm. Thus, eight new features 
were created by calculating the backward simple moving average based on a 
ten hours window over each data point for every feature. This step, achieved 
with the “Moving Average” node in KNIME, guarantees to take into 
consideration the correlation existing between a sample and the preceding 
ones of the time series and ensures attenuation of the noise affecting the 
signals. 
Data cleaning 
It has also been necessary to filter out the data related to downtime periods, 
in which the machine has been shut down due to maintenance operations or 
other issues, as well as related to start-up periods. This has been done by 
setting up a threshold over the flow rate sensor suggested by field operators: 
every sample corresponding to a flow rate below 220 m3/h has been filtered 
out by means of a “Rule Based Filter” node. Model’s performance would have 
been highly penalized by including this set of data in the study since it doesn’t 
refer either to a normal operating condition nor a condition included in the 
failure prediction horizon interval. 
It has been considered appropriate to eliminate all the data following a pump 
substitution, which may have caused a variation of normal operating 
conditions behavior from the ones of the previously installed machine. 
A further data filtration has been made to eliminate samples included in the 
time interval between one week and three weeks prior to each failure event, 
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due to the high level of uncertainty related to labeling this sets of data either 
as normal operating conditions or pre-failure ones and in order to get a more 
class-balanced dataset. Furthermore, the data referring to the 3 weeks 
preceding each ambiguous fault have been considered unclassifiable and 
they have been eliminated. Thus, after the Data Cleaning phase, the resulting 
dataset includes four failures which are to be predicted. 
Model selection and validation 
The machine learning model has been selected and then validated by means 
of k-fold cross-validation technique to assess how accurately the model would 
perform in practice and to overcome the risk of overfitting. The input dataset 
is partitioned over a loop in k equal-sized subsets: of all subsets, a single one 
is retained as validation set and the remaining as training for the machine 
learning algorithm. The loop executes k iterations, each one with a different 
validation set and, accordingly, a different training set. The scoring metrics of 
the model are given by the average of the scoring metrics of all iterations [17]. 
The value of k parameter has been chosen in such a way that every fold of 
the k equal-sized subsets includes at least one failure event and data samples 
preceding a failure event are not split between folds. Since the dataset’s 
failure events are not distributed uniformly, an optimal value for k has been 
determined. In the case study, a value of three for k ensures a good 
representation of the input dataset by the training and validation subset 
groups. 
Since the algorithm’s performance is penalized by the highly unbalanced 
dataset as it will be discussed in paragraph 2.3, the SMOTE (Synthetic 
Minority Oversampling Technique) algorithm [18] has been used. The SMOTE 
algorithm increases the number of samples of the minority class by creating 
new synthetic observations generated through simple mathematical and 
geometric operations. 
2.3 Algorithm 
In this work, multilayer perceptron (MLP) has been used as Artificial Neural 
Networks (ANN) classification algorithm. Since MLP requires normalized data 
as input, z-score normalization has been made prior to algorithm training by 
means of “Normalizer” node. Then, the same technique has been applied to 
test data. MLPs are a powerful class of nonlinear statistical models which 
consists of multiple layers of nodes in a directed graph, with each layer fully 
connected to the next one. Three different types of layers i.e., input, hidden 
and output layer. Thus, except for the input nodes, each node is a neuron (or 
processing element) with a nonlinear activation function [17]. 
A binary classification MLP’s output is a value included in the interval between 
0 and 1, which could be considered as the probability of the positive target 
class. 
A parameter optimization loop has been used to tune the hyperparameters of 
the model so that precision and recall over class “1” are maximized, as it will 
be discussed in paragraph 2.4. The model selection has been done by 
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optimizing the number of hidden layers and the number of hidden neurons per 
layer of MLP. 
MLP was trained using the resilient propagation algorithm (RProp). RProp is 
a first-order neural network optimization algorithm, developed to train shallow 
MLP in a fast and robust way. Unlike other optimization algorithms, it has no 
hyperparameter to choose from [19], this lead to a significant reduction in 
computational resources needing. The algorithm implementation has been 
done by means of the “RProp MLP” node. 
2.4 Model evaluation metrics 
As usual, a predictive maintenance oriented binary classification problem 
based on real operating machinery data, suffers from a highly unbalanced 
distribution of the classes over the samples. Failure is a very rare event in the 
dataset, so only less than 1% of original data belongs to class “1” and more 
than 99% to class “0”. 
Machine learning algorithms do not work properly with this type of datasets, 
neither do standard evaluation metrics. In this regard, it is important to 
emphasize the fact that overall accuracy results a useless metric of model’s 
evaluation for this type of study, although it is the most commonly used 
evaluation metrics for classification models. 
True positives (TP) and true negatives (TN) are outcomes, respectively of the 
positive class and the negative class, correctly classified by the model, 
whereas false positives (FP) and false negatives (FN) are incorrectly classified 
outcomes. Overall accuracy (OA) is defined by Equation 1: 
 
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
(𝑇𝑃 + 𝑇𝑁)
(𝑇𝑃 + 𝐹𝑃 + 𝑇𝑁 + 𝐹𝑁)
 (1) 
 
Mediated between the two classes, so it is possible for the model to achieve 
a nearly perfect overall accuracy by always predicting the majority class. 
For highly unbalanced datasets the best way to evaluate a model is to use 
per-class evaluation metrics such as precision, recall, F1 score (weighted 
average of precision and recall), expressed as in Equations 2, 3 and 4 
respectively: 
 
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑇𝑃
(𝑇𝑃 + 𝐹𝑃)
 (2) 
𝑅𝑒𝑐𝑎𝑙𝑙 =
𝑇𝑃
(𝑇𝑃 + 𝐹𝑁)
 (3) 
𝐹1 𝑠𝑐𝑜𝑟𝑒 =
2 ∙ (𝑃𝑟𝑒𝑠𝑖𝑠𝑖𝑜𝑛 ∙ 𝑅𝑒𝑐𝑎𝑙𝑙)
(𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑅𝑒𝑐𝑎𝑙𝑙)
 (4) 
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Additional significant parameters adopted are Cohen’s Kappa and Area under 
the curve (AUC) of the ROC (receiver operating characteristic) Curve. 
Since the goal of the study is to predict whether the machine will fail or not in 
a future interval, recall and precision over the class “1” are the evaluation 
metric chosen to be maximized. 
Furthermore, when training machine learning models for predictive 
maintenance oriented failure prediction, a clear understanding of the business 
requirements and the tolerance to false positives and false negatives it is 
needed. Some businesses could afford to have a high number of the former 
whilst some others of the latter, thus the optimization loop aims at maximizing 
the metric associated with the requirements. 
3 RESULTS 
The “Scorer” node outputs confusion matrix and evaluation metrics statistics 
tables. The performance of ML algorithms is evaluated by a confusion matrix 
as illustrated in Table 1 where the columns are the predicted class and the 
rows are the actual class. 
Table 1: Confusion matrix of the adopted dataset. 
 CLASS 0 CLASS 1 
Class 0 27684 132 
Class 1 366 265 
 
 
 
It can be noticed that, although an overall accuracy of 98.1% has been 
achieved, precision over class “1” is 66.8%, which corresponds to the portion 
of positive correct classifications. Recall over class “1” is 42.2%, which is the 
percentage of actual positives identified correctly. These metrics results are 
computed by using a standard threshold upon the MLP output probability 
equal to 0.5. 
Table 2: Evaluation metric. 
 RECALL PRECISION F1 
SCORE 
ACCURACY COHEN'S K 
Class 0 99.5 % 98.7 % 99.1 % - - 
Class 1 42.0 % 66.8 % 51.6 % - - 
Overall - - - 98.2 % 0.507 
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The predictive model correctly predicts two out of four failures included in the 
dataset. The two non-predicted failures are separated by a month in the 
dataset thus, this misclassification could be related to different operating 
conditions of the pump in this period. 
ROC curve is also a commonly used way to visualize the performance of a 
binary classifier. It results from varying the decision threshold and plotting the 
true positive rate against the false positive rate. 
Analyzing the ROC Curve as illustrated in Figure 3, the AUC (Area Under 
Curve) results equal to 0.5726 while, it is possible to notice that by changing 
the threshold value, FP number could be reduced without reducing TP 
number. 
 
 
 
Figure 3: ROC Curve. 
All these obtained metrics values are considered satisfactory taking various 
factors into consideration: 
 the failure events register results incomplete and un-standardized. 
 the dataset includes just four non-ambiguous fault events, which is a very 
small number. Consequently, the dataset is highly unbalanced between 
classes and the algorithm training set contains very few examples of 
class “1”. By using SMOTE algorithm classes are balanced, still 
information quality provided by a “synthetic” sample is not as high as 
quality provided by real data. 
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 inadequate sensory equipment, since the machine parts are not 
equipped with the most appropriate sensors. 
 
In order to further achieve better results, the study will continue in the next 
months, focusing on the treatment of the factors listed above. 
4 CONCLUSIONS 
This paper proposes the preliminary development of a method for predicting 
failures of a centrifugal pump by using ML and Data Science techniques. A 
binary classification technique has been applied to predict failures a week in 
advance by using the database of sensors’ measurements, the fault log and 
the P&I diagrams of the machine. The predictive process was implemented 
using the KNIME software. Through the treatment of missing values and the 
Data Cleaning phase, a significant improvement in the quality of the data was 
obtained, from which the elements that could have compromised the correct 
training of the algorithm were eliminated. In the feature engineering phase, 
new features were created, characterized by an information content higher 
than the features related to simple measurements obtained from the sensors. 
The best classifier model trained is based on RProp MLP algorithm and 
classifies correctly two out of four failures included in the dataset. 
Furthermore, the created model is versatile and it can also be applied to other 
types of machines. 
The results show that the proposed algorithm presents good overall 
classification performances in identifying the health status of the monitored 
machine. However, additional work is needed to improve the overall 
performance metric: the basic idea is to acquire more data with the aim of 
better training the model, as well as to perform test by considering different 
industrial component. Finally, the future work will be focused also on the 
application of a regressive ML technique and of an unsupervised technique 
for anomaly detection. 
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Abstract 
In the last few years, predictive maintenance has become popular thanks to 
the development and diffusion of many types of sensors. In order to collect 
data for failure prediction, industrial plants should be digitized and new issues 
should be addressed. In this research, it is faced one of these emerging 
problems, consisting of locating numerous devices for data collection in a 
large plant. An ILP optimization model is proposed, aimed at minimizing 
investment costs and at the same time meeting all technical constraints. The 
model has been applied to the real case of a filtering system, obtaining an 
initial solution that has been globally improved through a post-hoc analysis. A 
sensitivity analysis has been carried on the main model parameters, 
highlighting how gateways capacity and maximum length of electric 
connections play a major role. 
Keywords: 
Industry 4.0, Predictive maintenance, Digitization, Device location 
1 INTRODUCTION 
Nowadays, the industrialized world is facing a fourth revolution through the 
realization of digitalized manufacturing. “Industry 4.0”, as it is generally called, 
aims to develop future manufacturing systems with three main characteristics: 
intelligent information acquisition, connectivity between system elements and 
responsiveness to internal and external changes [1, 2]. 
Thus, Industry 4.0 is closely related to technological concepts such as 
Machine-to-Machine Communication, Cyber-Physical System (CPS), Internet 
of Things (IoT), Cloud Computing, Data Mining (DM) and Cyber Security [3, 
4, 5]. More specifically, in order to create a virtual copy of the physical world 
and thereby make decentralized decisions, CPSs communicate and 
cooperate with each other and humans in real-time using the IoT, that 
facilitates data collection from various sensors [2, 4, 6]. The large number of 
sensors on the machines, as well as the dramatic increase in their inter-
communication, will produce a large amount of data, referred to as “Big Data”. 
This will make necessary higher power computational machines, which will be 
shared by the Cloud, that will have to guarantee solid safety requirements 
(Cyber Security) [2]. For these reasons, IoT technologies will allow companies 
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to collect and analyze these Big Data in real-time, measuring several process 
parameters and passing this information to the brain of the system. This way 
any potential problem can be immediately identified, opening up to new 
opportunities also concerning maintenance [2, 7]. 
Maintenance tasks may be categorized into two major classes: corrective 
(called also "run-to-failure") and preventive ones. The second class can be 
further divided into two main policies: cyclical and predictive. Corrective 
maintenance is an unscheduled repair, all actions are performed as a result 
of failure, to restore an item to a specified condition. Cyclic preventive 
maintenance, probably the most popular maintenance policy, provides that all 
actions are performed in an attempt to retain an item in specified condition by 
providing systematic cyclical inspection, detection, and prevention of incipient 
failures [8]. The main limitation of this approach is the ever-present risk that 
maintenance will be carried out too early or too late compared to the actual 
hours of operation, generating additional costs for the owner.  In order to 
overcome these limitations, predictive maintenance is becoming popular. It 
consists of a philosophy or attitude that uses the actual operating condition of 
the plant equipment and systems to optimize the plant operations and/or 
processes [9]. Compared to conventional maintenance approaches, 
predictive maintenance enables new opportunities for predicting upcoming 
failures. This is done by calculating the remaining useful life (RUL) or by 
anomaly detection based on analysis algorithms and machine learning models 
[7, 10]. For this purpose, production machines must be digitized with sensors 
that can measure the mechanical condition (e.g. vibration, temperature, 
pressure). This information can be used to avoid unplanned downtime, 
increase availability and efficiency, optimize maintenance strategies and thus 
save costs [2, 7]. Even though the potentials of predictive maintenance have 
been recognized, there is a lack of implementation in practice. Barriers are 
high due to the implementation and hardware costs, uncertain outcomes, and 
the lack of access to a fully extended predictive maintenance solution [7]. 
In summary, there is still no system on the market that meets industrial 
requirements and can be used by companies with little effort for condition 
monitoring and for predictive maintenance. Consequently, since the 
advantages of this new approach are immediately evident, what is still unclear 
is the path to take to digitize a plant, as in each different company, each 
different type of machine will have specific characteristics that distinguish it 
from the others [1, 7]. 
For these reasons, our goal is to provide an approach to solve one of the 
problems that could arise in the process of sensorization, presenting a case 
study with related considerations. The case study concerns the networking of 
a series of differential pressure switches measuring the difference in pressure 
between the two faces of 27 filters for the abatement of dust and oil mist, 
located in a U-shaped plant of the size of 17,000 m2. This parameter is 
representative of the condition of the filters, and knowing it in real-time would 
allow for just-in-time maintenance, i.e. to predict and replace components 
when they are just near to failure. Given that these pressure switches are 
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equipped exclusively with analog current outputs (4-20 mA), in order to extract 
these data it will be necessary to pass through a gateway, a control unit that 
collects one or more analog signals. This gateway will then convert them into 
digital signals to be sent to the network cabinets scattered throughout the plant 
(see Figure 1) and ultimately to the Prognosis and Health Management (PHM) 
control system. 
Therefore, a series of questions arises before realizing such connections: 
1. Which hardware to use (wiring, gateways), with related constraints and 
costs? 
2. How many gateways? Where is the best place to put them? 
3. And finally, which connection to operate? 
 
All these considerations lead to the creation of a cost-minimization model. 
 
The paper is structured as follows: in section 2 the optimization model is 
formulated, in section 3 the model is applied to a case study and finally, 
conclusions are derived in section 4. 
 
 
 
Figure 1: Data transfer for predictive maintenance. 
2 THE OPTIMISATION MODEL FOR GATEWAYS LOCATION 
The problem consists in finding the optimal number and location of the 
gateways needed to transmit sensors data to the PHM control system at 
minimum cost. It can be formulated as a classic ILP (Integer Linear 
Programming) model as in the following. 
2.1 The objective function 
The objective function involves the minimization of the total cost, split into 3 
components: 
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1. The cost of the gateways, linked to the number of devices to be 
purchased. 
2. The cost of the electrical wiring (pressure switch-gateway connection) 
including installation, clearly dependent on the distances to be covered. 
3. The cost of the network wiring (gateway-network cabinet connection). 
The related equation is reported below: 
min 𝑤 = ∑ 𝑐1𝑥𝑗𝑗 + ∑ 𝑐2𝑑𝑖𝑗𝑦𝑖𝑗𝑖𝑗 + ∑ 𝑐3𝑏𝑗𝑘𝑧𝑗𝑘𝑗𝑘  (1) 
where the main variables are: 
𝑥𝑗 = {
1   if the gateway is installed in the 𝑗th site
0   otherwise                                                        
 (2) 
𝑦𝑖𝑗 = {
1   if the 𝑖th pressure switch is linked to the 𝑗th gateway
0   otherwise                                                                                  
 (3) 
𝑧𝑗𝑘 = {
1   if the 𝑗th gateway is linked to the 𝑘th network cabinet
0   otherwise                                                                                    
 (4) 
while model input parameters are: 
𝑐1 =  cost of the gateway (€/pc) 
𝑐2 =  cost of the electrical wiring (€/m) 
𝑐3 =  cost of the network wiring (€/m) 
𝑑𝑖𝑗  = distance from pressure switch 𝑖 from gateway location 𝑗 (m) 
𝑏𝑗𝑘 = distance from the gateway location 𝑗 to the network cabinet 𝑘 (m) 
𝑛𝑗 = capacity of the gateway 𝑗 (n° of available inputs) 
𝑚𝑘 =  capacity of the network cabinet 𝑘 (n° of available network ports) 
𝐿𝑚𝑎𝑥 = maximum length for an electric connection 
𝑊𝑚𝑎𝑥 = maximum length for an ethernet connection 
2.2 Constraints 
The constraints can be ascribed to three main groups: 
1. capacity constraints; 
2. assignment constraints; 
3. physical/technical constraints. 
 
As concerns the first group, if a gateway is installed in the location 𝑗, then the 
total number of sensors connected to it should not exceed the gateway 
capacity (see Eq. 5):  
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∑ 𝑦𝑖𝑗𝑖 ≤ 𝑛𝑗𝑥𝑗 (5) 
Similarly, the total capacity of the network cabinet 𝑘 limits the number of 
gateways that can be connected to it as in Eq. 6: 
∑ 𝑧𝑗𝑘𝑗 ≤ 𝑚𝑘 (6) 
The second group of constraints assures that each pressure switch is 
connected to one, and only one, gateway (see Eq. 7) and each gateway is 
connected to one, and only one, network cabinet (see Eq. 8). 
∑ 𝑦𝑖𝑗𝑗 = 1 (7) 
∑ 𝑧𝑗𝑘𝑘 = 𝑥𝑗 (8) 
As regards the third group of constraints, it sets a limit on wire length in order 
not to risk the deterioration of the signal (see Eq. 9) and respect, with caution, 
the maximum distance for an ethernet connection (see Eq. 10). 
𝑑𝑖𝑗𝑦𝑖𝑗 ≤ 𝐿𝑚𝑎𝑥  (9) 
𝑏𝑗𝑘𝑧𝑗𝑘 ≤ 𝑊𝑚𝑎𝑥 (10) 
3 THE CASE STUDY 
The model has been applied to an actual industrial plant in North-Eastern Italy. 
Cost data have been gathered from local suppliers, while for capacities data 
the technical specifications of gateways on the market and the ports that are 
physically available on the network cabinets of the plant have been collected, 
as reported in Table 1.  
Table 1: Model Parameters: values are related to the case study. 
𝑐1 500 €/pc 
𝑐2 6,5 €/m 
𝑐3 8,5 €/m 
𝑛𝑗 6 
𝑚𝑘 2 
𝐿𝑚𝑎𝑥   100 m 
𝑊𝑚𝑎𝑥  80 m 
 
 
 
Obtaining data about distances has been a more complex task and needed a 
series of steps. Initially, the actual cable channels of the plant as well as the 
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pressure switches and network cabinets positions have been mapped, in 
order to establish the possible routes that the connections can take. 
In order to address the choice of potential gateway locations, a point every 10 
m along the perimeter walls of the main aisle has been identified, in order to 
have the gateways easily accessible whenever needed. Thus, 99 possible 
locations were obtained, with 27 pressure switches and six network cabinets, 
for a total amount of 3267 potential connections to be evaluated.  
In order to simplify the time-consuming estimation of all potential distances 
and considering that linking a pressure switch/network cabinet to a remote 
gateway is seldom convenient, the layout has been divided into 5 macro-
areas. Each macro-area contains a certain number of pressure switches, 
several locations where the gateways can be installed and at least one 
network cabinet. Therefore, the number of possible connections has been 
reduced from the original 3267 to 377, which can be considered as a good 
compromise, since it allows to search for a good solution intuitively very close 
to the optimal one, but with a drastically reduced resource consumption. The 
calculation of these 377 distances has in fact required a whole working day, 
so proportionally the calculation of the total 3267 would have taken about ten 
days. Assigning a resource for quite 2 weeks only to input calculation would 
have cost more than the savings the optimal solution would reasonably lead 
if compared to the solution obtained with the proposed simplification. 
The resulting layout is shown in Figure 2. 
 
 
 
Figure 2: The resulting layout. 
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3.1 Results 
The optimal solution of this minimization problem has been obtained by 
adopting Opensolver, an add-on software for Microsoft Excel, which extends 
its functionality by increasing the maximum number of decision variables to 
be handled. Opensolver implements COIN-OR branch and cut (CBC), an 
open-source solver for MIP (Mixed Integer Programming) problems written in 
C ++ programming language. The solver was run on a Windows 10 Enterprise 
Intel(R) Core(TM) i5-5300U CPU, 2.30 GHz, 8 GB RAM machine and the 
solution was found in 13 s. 
The solver generated the solution represented by the connection diagram in 
Figure 3. 
 
 
 
Figure 3: Solver initial solution. 
Since the above solution is based on the initial macro-areas simplification and 
therefore it might be not the global optimum, some local improvements have 
been tried. Specifically, to remove 1 gateway from Area 1, the outermost 
pressure switches have been connected to the gateway of Area 2, which still 
had available capacity to be exploited. With this adjustment, it has been 
achieved an improvement of around 5.45% of the initial value, passing from 
8556.55 € to 8090.83 €. It should be underlined that the global optimum 
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remains unknown, so improvements are performed at our best. The resulting 
solution is represented in Figure 4, where the moved pressure switches have 
been highlighted. 
 
 
 
Figure 4: Final solution. 
The following conclusions can be drawn from Figure 4: 
 The optimal number of gateways is 5, i.e. the minimum (1 for each area), 
due to their high cost. 
 The network cables are often very short because their cost is higher than 
the electrical ones, so the solver has placed the gateway as close as 
possible to the network cabinet. 
3.2 Sensitivity analysis 
In order to better understand the impact of a change in model parameter 
values, a sensitivity analysis has been performed on costs, capacity and 
connections length. The following results have been obtained: 
 𝑐1: the cost of a gateway should fall by 33% to make convenient to install 
an additional one (6 in total versus the basic solution of 5), while any 
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increase would not affect the proposed configuration, as one controller 
per macro-area should be installed. 
 𝑐2, 𝑐3: the cost of wiring, both the electrical and the network one, should 
rise by 49% to make convenient to install an additional controller (6 in 
total), while a further decrease in the cost of the cabling would not affect 
the configuration at all. 
 𝑛𝑗: a reduced capacity of the gateway forces the installation of new units, 
while increased values lead to bring back the pressure switches that have 
been removed from their initial macro-area of assignment when trying to 
improve the solution, with consequent savings in terms of wiring. Since 8 
is the maximum number of devices in a single macro-area, greater values 
of capacity are not useful. 
 𝑚𝑘: the capacity of the network cabinets is currently irrelevant since only 
one free port per cabinet is sufficient to make the configuration feasible. 
Furthermore, if the capacity were to fall to 0 it would violate the 
assumption of subdivision into macro-areas on which the model is based 
since Areas 1, 2, 3, and 4 would no longer have a network cabinet inside 
them. 
 𝐿𝑚𝑎𝑥: if the maximum length of the electric cables was reduced from 100 
m to 85 m, the configuration would change and it would be necessary to 
install an additional gateway (6 in total versus the basic solution of 5) in 
order to meet the new constraints. 
 𝑊𝑚𝑎𝑥: if the maximum length of the network cables dropped from 80 m to 
51 m, the configuration would change since a gateway should be moved 
in order to meet the new constraints. Unlike the previous case, the 
installation of additional gateways would not be necessary. 
 
The selection of the gateway capacity has been revealed a key-choice since 
it leads to increase its covering potential, thus reducing the number of macro-
areas to be investigated, while potentially increasing distances and cable 
length. In light of these considerations, it is clear that the trade-off between 
the number of gateways and wired distances should be managed. Moreover, 
gateways should be saturated as much as possible, due to their significantly 
greater cost value in comparison to wiring. 
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4 CONCLUSIONS 
Historically, industrial maintenance started as a necessary evil, meaning that 
maintenance operations were executed only when strictly necessary. In the 
current manufacturing world, the role of maintenance has been receiving 
increasingly more attention, while companies understand that maintenance, 
when well performed, can be a strategic factor to achieve corporate goals. 
Indeed, in the last few years, a new maintenance philosophy has become 
popular, based on real-time monitoring of the state of the machinery thanks to 
the development and diffusion of many types of sensors at an affordable price. 
Information about the status of the machines can be used to avoid unplanned 
downtime, increase availability and efficiency, optimize maintenance 
strategies and thus save costs.  
Even though the potentials of predictive maintenance have been recognized, 
there is a lack of implementation in practice. Barriers are high due to the 
implementation and hardware costs, uncertain outcomes, and the lack of 
access to fully extended predictive maintenance solutions. Thus, the main 
challenge to be addressed consists of identifying the path towards digitization 
of a plant. In this research, it is faced as one of these emerging problems, 
consisting of locating numerous devices for data collection in a large plant.  
This problem has been modeled as an optimization ILP problem aimed at 
minimizing initial investment costs. Due to the initial subdivision into macro-
areas (aimed at simplifying the problem), a post-hoc analysis has been carried 
out, obtaining an improvement around 5.45% thanks to the elimination of a 
gateway (from 6 proposed in the initial solution to 5 in those of the final 
solution). 
Finally, a sensitivity analysis has been performed on the main parameters, 
highlighting how the most significant ones are the capacity of the gateway and 
the maximum length for the electric connection. A reduced capacity of the 
gateway or a reduced maximum length of the electric cables, in facts, would 
force the installation of new gateways, thus leading to substantial additional 
costs. In light of these considerations, the trade-off between the number of 
gateways and wired distances should be managed. The general guideline 
should be trying to saturate as much as possible the gateways, due to their 
significantly greater cost value in comparison to wiring. 
Future work will concern the installation of these devices and connections, 
starting from a pilot project composed of a sub-group in order to detect 
opportunities and criticalities of the process as well as to allow familiarization 
with the software part of the CPS. Furthermore, once the plant has been 
digitized, attention should be focused on developing proper failure prediction 
models in order to optimize maintenance operations.  
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Abstract 
Traditional marketing theories largely view innovation as an internal process 
of companies, mostly conducted by R&D centers following certain standards, 
while the products or services generated are passively accepted by target 
customers. As technology evolves and social media is widely accepted, this 
paradigm has been challenged by emerging customers with highly interactive 
behaviors. This transformation provides the basis for mutual communication 
between companies and customers which gives a higher incentive for 
innovation. The overall aim of this paper is to clarify the state of the art in 
relevant studies and present considerations from several perspectives. Based 
on the presence of service-domain logic, this paper identifies customer co-
creation paradigm by comparing theories from other domains. It characterizes 
the typology of customer co-creation with case-studies from industries. After 
demonstrating the process model of co-creation, it suggests that further 
research in methodologies is necessary. Then the controversies in co-creation 
involving lead users or average users, leading to disruptive innovation or 
incremental innovation, the downside and the potential development of co-
creation are discussed. 
Keywords: 
Service-dominant logic, Customer-driven innovation, Open innovation, User 
innovation, Free innovation 
1 INTRODUCTION 
1.1 Background 
Talking about innovation, traditional R&D processes mostly generate the 
secret concepts in company meetings, professionals are working in research 
labs with high-standard equipment and all kinds of research techniques. The 
inventions of this will be patented by the company to prevent innovations from 
its competitors, following up by marketing advertisement and campaign 
targeting pre-defined groups of customers, and customers just need to say 
yes or no. However, are customers really satisfied with the products or 
services? Are the solutions meeting the customer’s needs? 
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1.2 Customer behaviors 
Customers today are not merely responders but rather active value creators. 
They are more educated to employ technologies compared to their peers from 
former centuries, have easier access to advanced equipment like the 
telescope for astronomies, are willing to explore and try out ideas with 
passion, tend to have a voice on the product they are affectionate to, and they 
are the new market by themselves.  
Research shows that it is not just an impression but also the real situation. Yi 
and Gong identify those customer behaviors as two dimensions. First, the 
customer participation behavior, including aspects of information seeking, 
information sharing, responsible behavior, and personal interaction. Second, 
the customer citizenship behavior including the aspects of feedback, 
advocacy, helping, and tolerance [1]. Starting from the 2000s, scholars and 
practitioners have devoted attention towards those trends, developing 
proliferate theories like service-dominant (S-D) logic, open innovation, co-
creation, user innovation, and customer-driven innovation, etc., with different 
focuses on the common topic. 
2 DEFINITION 
2.1 Service-dominant logic and product-dominant logic 
The last decade has witnessed a major change in industrial companies: they 
have shifted from offering products to offering products or services and then 
to offering solutions to improve their competitive position and to protect profit 
margins [2]. Under these circumstances, the service-dominant (S-D) logic was 
introduced in marketing by Vargo and Lusch, which highlights that service is 
the common denominator in exchange, and the value-creation process occurs 
when a customer consumes or uses a product or service, rather than when 
the output is manufactured [3]. 
S-D logic differs from product-dominant (P-D) logic in that P-D logic focuses 
on the product itself, emphasis on production lines, supply chain 
management, pricing strategies, and marketing, etc. P-D logic utilizes an 
enterprise-centric mode of operation to maximize corporate interest, while S-D 
logic is service-oriented and customer-centric. Enterprises provide value 
proposition through bilateral dialogue to co-create value [4]. S-D logic draws 
the attention from the product perspective to customer involvement which 
facilitates the open innovation strategy. 
2.2 Open innovation and closed innovation 
In a traditional closed innovation model, ﬁrms commercialize internal R&D 
activities through manufacturing and distribution processes, and only 
information that is in the boundary or domain of the manufacturer can be used 
as creative input for the innovation process. In contrast, an open innovation 
model is the use of purposive inﬂows and outﬂows of knowledge to accelerate 
internal innovation and expand the markets for external use of innovation, 
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respectively [5]. The comparison between closed versus open innovation 
paradigm can be seen from Figure 1.  
In other words, open innovation is a paradigm that lay equal importance on 
both internal and external knowledge for innovation, decoupling R&D from the 
business unit, while the central business model is to convert R&D to 
commercial value. It assumes that useful knowledge is widely distributed, and 
even the most capable R&D organization must identify, connect to, and 
leverage external knowledge source as a core process in innovation [5].  
 
 
 
Figure 1: A closed innovation paradigm versus an open 
innovation paradigm [5]. 
2.3 Customer co-creation 
Co-creation is a new paradigm that allows companies and customers to create 
value through interaction [6]. It was mentioned earlier in the 1990s but since 
2000, co-creation became an emerging trend in theoretical essays and 
empirical analyses, challenging the common sense that the value is usually 
determined before a market exchange takes place.  
Piller et al. define co-creation as open innovation with customers [7], based 
on Chesbrough and Crowther’s Inbound Open Innovation theory, which refers 
to the acquisition of external technology in open exploration processes, while 
Outbound Open Innovation describes the outward transfer of technology in 
open exploitation processes [8]. More specifically, customer co-creation is an 
active, creative and social process, based on collaboration between producers 
(retailers) and customers (user), aiming to utilize the information and 
capabilities of customers and users for the innovation process. Co-creation 
activities are company-to-customer interaction facilitated by the company for 
customers to be actively involved in the design of new products or services. 
Customer co-creation is the application of customer-centric management in 
the innovation process [7].  
2.4 Customer-driven innovation 
The idea of a customer-centric (or customer-centered) enterprise is to focus 
all company operations on serving customers and deliver unique value by 
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considering customers as individuals [9]. In customer-centered innovation 
programs, innovation is done with customers, in other words, the organization 
and customers innovate together. In customer-focused innovation programs, 
innovation is done by the organization. In customer-driven innovation 
programs, the customer is the key player, suggesting that innovation is done 
by customers with minimum involvement by the organization. Customers are 
the primary source of ideas and the consumers of new products and services 
[10]. The concept mentioned here can be summarized as the table 1 below. 
Table 1: Customer-driven, customer-centered, and customer-focused 
innovation, according to [10]. 
 
Customer-Driven 
Innovation 
Customer-
Centered 
Innovation 
Customer-
Focused 
Innovation 
Central 
entity 
Customer 
Customer and 
organization 
Organization 
Degree of 
customer 
involvement 
Innovation by 
customers 
Innovation with 
customers 
Innovation for 
customers 
Role of 
organization 
Coordinator Communicator Innovator 
Type of 
innovation 
Dynamic 
innovation 
Open innovation Closed innovation 
Critical stage Commercialization Idea development Idea generation 
Focus 
Products and 
services, output 
interaction 
Communication 
with customers, 
customer 
interaction with an 
organization 
Customer 
segmentation and 
customer analysis 
Problem 
High level of 
human interaction, 
not proper 
customer 
segmentation 
Infrastructure 
investment, high-
quality 
communication, 
copycats 
Ongoing analysis, 
not an integrated 
system, 
information 
overloaded 
 
 
3 THE THEORIES IN TYPOLOGY OF CO-CREATION 
Piller et al. propose a three-dimensional typology of possible settings for co-
creation with customers: the stage in the innovation process (customer input 
enters in the front or back end), the degree of collaboration (dyadic versus 
community) and the degree of freedom (the customers’ autonomy in the 
process) [7]. The dimensions can be seen in Figure 2. They classify the 
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integration between company and customer into eight categories as the figure 
shows in Table 2 below.  
Table 2: The three dimensions of typology and illustration, according to [7]. 
Dimension Regarding Illustration 
Stage in the 
innovation 
process 
Customer input 
Front end: idea 
generation and 
concept 
development 
Back end: product 
design and testing 
organization 
Degree of 
collaboration 
Customer-firm 
relationships 
Dyadic: firm 
communicates with 
one customer at 
one time 
Community: 
customers create 
networks indepen-
dent from firms 
Degree of 
freedom 
Tasks assigned 
to customers 
Low: narrow and 
predefined task 
High: open and 
creative task 
 
 
 
 
Figure 2: Typology of customer innovation at the front end and the back end 
of the innovation process [7]. 
4 PRECEDENT CASES 
Numerous companies have adopted the concept of customer co-creation in 
their business. One of the easiest approaches is to involve a single customer 
in the narrow task at the back end of the development process like changing 
the configuration of a design. The Coca-Cola personalized name bottle in the 
"Share a Coke" campaign can be regarded as a successful case in the 
application of toolkits for customer co-design. More precedent cases with 
Paradigm, Typology, and Process of Customer Co-Creation 
330 
different types of customer co-creation are further illustrated here with the 
typology mentioned above. 
4.1 Nike 
Nike, the world’s largest sportswear and equipment manufacturer, building up 
programs like Nike SKU (sports knowledge underground) platform, wear 
testing, etc., succeeds in engaging customers to co-create. 
Nike plus  
Nike plus consists of a smart sensor in the shoe which communicates with 
smart devices, continuously recording the running distance and time for users 
to upload data and analyze the running speed, calories consumed, and to 
share or challenge with other runners in the community. The community 
largely engaged the runners to communicate with each other and incentivize 
individuals to achieve training target. The platform generates new ideas 
rapidly, allowing the company to learn for the new product or service ideation 
and customer preferences. It reduces the marketing cost, shares the risk of 
product or service development with smart device partners, and offers a 
platform for concept testing [11].  
NikeiD 
NikeiD, a product service platform for customers to design their own Nike 
merchandise, such as changing the colors and fabrics of the shoes, 
personalizing with signatures from stars or their own names. It brought in over 
$100 million in revenue for the fiscal year of 2009 [12]. It resolves the 
inefficiencies of mass production such as dead stock and creates new 
customer experience thus the customer viscosity with the brand. 
4.2 Lego 
Known as a global pilot in the toy industry, Lego was facing a big impact from 
the surging electronic games market and nearly in bankruptcy at the beginning 
of the millennium, but it was the introduction of customer co-creation that 
turned around the situation.  
Lego IDEAS 
Launched in 2008, Lego Ideas is a platform for Lego enthusiasts to create 
their own Lego set idea and share them online, which can be voted or 
commented by all community members. Lego Group will develop a high-rated 
set, and the original creator will be given a percentage of net sales and marked 
as the creator in all marketing. This approach gives single customer highly 
creative and open task in idea developing and the winner of idea contest is 
commercialized by Lego company. 
Lego Mindstorms 
When the original robotics kit of Lego Mindstorms was released, the AFOL 
community (Lego fans community) hacked it within hours, and they created 
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robots with more complex programming and mechanics than the LEGO Group 
had thought of. It inspired set designers to release the second iteration of 
Mindstorms in cooperation with prominent members of the AFOL community. 
The company realized the importance of customer co-creation and developed 
the software as a design toolkit for FIRST LEGO league to engage children 
into innovation with scientific topics [13].  
4.3 DHL 
As one of the world’s largest logistics companies, DHL set up innovation 
centers and invited customers, academics, politicians, public authorities, and 
citizens to workshops to optimize its supply chain for better performance and 
less environmental influences, which received an enthusiastic response. The 
result of the face-to-face meeting between employees and customers 
including: First, the parcelcopter or the drone for personal delivery, largely 
reduced delivery time and improves customer satisfaction. Second, smart 
glasses used in the warehouse for picking processes, are improving the 
productivity by 15% with higher accuracy rates, and self-driving carts support 
pickers to do value-added services. Third, maintenance on demand, an 
autonomous truck which decides when it receives maintenance, by sensing 
the damage and reporting information to the driver and thus reduces the 
possible breakdown of the truck. Fourth, the Internet of Things (IoT) such as 
pallets are telling its owner the shipment environment, and streetlights are 
sensing the presence of cars and sending information to the drivers.  
4.4 IKEA 
IKEA is one of the most successful retail furniture companies, providing 
customers with an experience-shopping of diverse combinations of interior 
design and furniture style. They deepened the customer relationship through 
all kinds of co-creation activities, with Home Tour for example. A team of five 
employees is sent to the homes of different families around the US, getting 
close to them and having conversations, trying to understand and fulfill their 
needs. Through idea screening, consumers tell how they would like to design 
their places. Those employees help them to renovate the home with IKEA 
products, the process of which will be filmed and published online. The input 
from the owners along with the insights of the service team go back to the 
product development process, to the sales and service of the store, and to the 
online shopping experience [14].  
5 PROCESS MODEL 
Most scholars demonstrate the paradigm of co-creation with various practical 
cases while it is a theory with a comparatively broad range. However, the 
approach or the methodology to implement co-creation could be essential to 
conduct a successful customer co-creation process.  
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5.1 Empirical study 
DART is an abbreviation of the four building blocks of co-creation mentioned 
by Prahalad and Ramaswamy in the book The Future of competition, 
indicating that it could be a guiding tool for companies to apply customer co-
creation [11]. The meaning of DART can be seen in Table 3. Apart from this 
guideline, Payne, Storbacka and Frow [15] proposed a three-step process 
framework of value co-creation, referring to customer value-creating 
processes, supplier value-creating processes and encounter processes. Later 
this is developed to a five-step process framework for mutually co-creating 
value shared among stakeholders, including identifying stakeholders, 
determining core values, facilitating dialogue and knowledge sharing, 
identifying value co-creation opportunities, and co-creating stakeholders’ 
value propositions. 
Table 3: DART, according to [11]. 
 Meaning 
Dialog 
Emphases on understanding between companies and 
consumers and allows consumers to bring their values into 
the value creation process. 
Access 
The customer can have access to experiences at multiple 
points of interaction, rather than simple ownership of 
products.  
Risk 
assessment 
Customers will demand more information about the 
potential risks of goods and services as well as share the 
responsibility for the risks. 
Transparency 
Transparency of the information is vital to creating trust 
between institutions and individuals.  
 
 
5.2 Process model of co-creation 
A process model illustrated by Vorbach et al. [16] concludes the process 
models in the domain of customer co-creation and exemplifies with practices, 
filling up the deficit in the guidance of implementing customer co-creation 
paradigm. It combines two theories including a macro process of Value Co-
creation Framework described by Frow and Payne [17], and a microcycle of 
Value Proposition Canvas model from Osterwalder [18], as the Figure 3 shows 
below. The microcycle addresses the needs or problems in the customer 
segment, and further develop a value proposition in the macro process. 
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Figure 3: A process model for value proposition co-creation [16]. 
6 DISCUSSION 
6.1 Lead user and the average user 
The recent notion of “lead user innovators” and “customer co-creators” as the 
central entity of the value chain has been the result of a long intellectual 
debate in the literature of management theories [19]. According to von Hippel, 
lead users are characterized as user population having two characteristics. 
First, they anticipate obtaining relatively high benefits from a solution and may 
innovate. Second, they are at the leading edge of important trends in a 
marketplace and are experiencing needs in front of the other users [20].  
Customers nowadays are becoming more and more empowered to “vote” 
individually with their payment. However, the wide spectrum of personal value 
along with a diversity of personal preferences poses a major challenge for 
entrepreneurs. Thus, it is inconceivable for companies to operate business 
targeting customers as solely one group.  
Some have a preference of lead user’s voice, while they studied the product 
from a professional perspective and even modify or develop their own cutting-
edge version, but companies can be misguided by these trends without paying 
attention to the major customers.  
The company might just serve the average users, nevertheless, the average 
user’s idea can be more innovative, thus more difficult to implement than lead 
user’s idea. While average users are not familiar with the product or service 
generation process, they may come up with extraordinary solutions which are 
not possible to implement under the current technological or economical limit. 
In the case presented by Franke and von Hippel, the open-source web server 
software Apache offers equal access for both lead users and average users 
as innovation toolkit. The research concludes that the innovations by skilled 
Apache users might well be beneficial to less-skilled users [21].  
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6.2 Disruptive or incremental innovation  
“Revolution” means a sudden, radical change whereas “Evolution” refers to 
the change in a certain direction. Linking to innovation context, disruptive 
innovation is the revolutionary, radical breakthrough while incremental 
innovation is evolutionary and continuous. The problem arises when 
companies implement customer co-creation. It could lead to incremental 
innovation or even deviant innovation the company never expects. For 
instance, if the airlines conduct a customer co-creation project, inevitably it will 
come to ideas like improving the quality of served food, more space or legroom 
for the seats, expanding entertainment options, more comfortable airport 
lounges, etc. 
However, innovation is an accumulative process and disruptive innovation 
could appear during the process. Incremental innovation is comparatively 
easier and less risky to implement and creates value for the company. For 
example, Toyota has made over 20 million incremental innovations over the 
past forty years, yet it is one of the most innovative and valuable companies 
in the world according to surveys, proofing that even incremental innovation 
brings huge value [22]. The key to both innovations is to really dig into 
customers’ needs, figure out what they really want. 
6.3 Downside 
Despite the benefits of customer co-creation for both customers and 
companies, there are downsides about this new theory. Companies need to 
consider and face the challenge from both the customer side and the 
competitor side. The customer information could be overloaded and too 
complex for companies to analysis. Without strong protection from the law 
enforcement of intellectual property, the best solution could also be perceived 
by existing competitors or start-ups, which could lead to long‐term effects of 
competition. The costs could be considerable in resolving intellectual property 
ownership issues due to the lack of trust on both sides of the fence, and in 
building an open innovation capability. It could be difficult for market 
segmentation and a company could lose the focus of the product or service. 
With more and more firms hosting co‐creation activities, innovative customers 
could become a scarce resource, for which companies need to compete to 
get them into activities. No modeling the effect of customer co‐creation could 
lead to deviant contributions like “chicken flavor” dishwater detergent for 
Henkel company, resulting in a failure of the campaign and a decreasing 
reputation [23].  
7 FUTURE DEVELOPMENT 
Social media has taken a notable role in every aspect of the world today. 
According to an estimation, the number of internet users worldwide reached 
3.4 billion in 2016 [24]. With such huge worldwide involvement from the 
internet surfers, the total amount of data generated is also growing 
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explosively. How to derive useful information from the deep ocean of data for 
innovation, and how to broadcast to the crowd to strengthen customer-ﬁrm 
relationships could be an issue bothering companies who would like to co-
create with their customers.  
One solution is coding the algorithm that aims at potential customers, the other 
could be developing and cooperating with influencers who can represent for 
the customers also influence them. 
7.1 Influencers for co-creation 
Numerous companies are taking customer co-creation into account, 
developing specific cooperation with influencers, celebrities on social media 
platform such as Instagram, using “#topic” to launch a campaign for media 
exposure, taking it as a marketing approach. Coca-Cola classified a method 
to deal with a spectrum of communities: 
 A-list influencers, which brings it closer to a one-to-many communication 
model; 
 The long tail influencers are anonymous consumers with the least 
popularity. No matter how influential they are, the function of the 
community managers must listen to and monitor them; 
 The “Magic Middle”, people who are not paid bloggers and do not have 
large group followers but have strong engagement within their close 
community [25].  
 
7.2 Big data 
IT has the typical 3-V (volume, velocity, and variety) characteristics, which 
enables the fluent communication with customers, the accumulation of 
customer data, and the effective response to market changes in an 
economical and highly efficient way. When customers agree to participate in 
the co-creation process with companies such as designing a customized 
product, big data could be a very practical tool to release the analysis burden 
from companies and promote co-creation efficiency. There are cases from 
clothing and furniture companies in China, who have the digital recording of 
customer interviews, internet data from websites, presentations, product 
catalogs and put into big data mining, and build up new platforms or develop 
market strategies [26]. However, this tool is facing multiple challenges in 
acquiring customer information in a legal and secure way. For sure, at the 
technical level it is already possible to obtain details about customer behavior 
through data mining but how to obtain customer’s trust and protect the 
personal information from hackers is still a question. 
8 CONCLUSION 
This paper discusses the theories related to customer co-creation. Service-
dominant theory points out that the value generates through consumers and 
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not production, open innovation theory underlies both the inflow and outflow 
of knowledge are vital. Then Piller’s customer co-creation theory emphasizes 
the inflow of customer information for company innovation while Ramaswamy 
believes co-creation initiated from inside or outside could all benefit 
enterprises. Then the analysis of the typology gives an insight into how the 
company could apply co-creation, following the examples from five 
companies. The discussion over controversies proves that either lead or 
average user, incremental or disruptive innovation could be beneficial, but 
customer co-creation theory is still imperfect, needs more research practice in 
the future.  
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